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TAT-Hsp70 induces neuroprotection against stroke via
anti-inflammatory actions providing appropriate cellular
microenvironment for transplantation of neural precursor cells

Thorsten R Doeppner'?, Britta Kaltwasser'?, Jin Fengyan', Dirk M Hermann' and Mathias Bahr??

Heat-shock protein 70 (Hsp70) protects against cerebral ischemia, which is attributed to its chaperone activity. However, recent
reports also describe pro-inflammatory actions of Hsp70 via activation of Toll-like receptors (TLR). Using membrane-permeable
transactivator of transcription (TAT)-Hsp70, we analyzed TAT-Hsp70-induced neuroprotection and its underlying mechanism after
cerebral ischemia in mice. Infusion of TAT-Hsp70 reduced infarct volume and enhanced blood-brain barrier integrity on day 3
poststroke, when given no later than 12 hours. The latter was associated with reduction of microglial activation, although
upregulation of pro-inflammatory TLR-2/4 was observed both in verum and in control animals. Nevertheless, protein abundance
and nuclear translocation of downstream nuclear factor kappa B (NF-xB) as well as proteasomal degradation of the NF-xB regulator
lkappa B alpha (IxB-x) were significantly reduced by TAT-Hsp70. TAT-Hsp70-induced neuroprotection and functional recovery were
restricted to 4 weeks only. However, TAT-Hsp70 provided an appropriate extracellular milieu for delayed intravenous
transplantation of adult neural precursor cells (NPCs). Thus, NPCs that were grafted 28 days poststroke induced long-term
neuroprotection for at least 3 months, which was not due to integration of grafted cells but rather due to paracrine effects of
transplanted NPCs. Conclusively, TAT-Hsp70 ameliorates postischemic inflammation via proteasome inhibition, thus providing an
appropriate extracellular milieu for delayed NPC transplantation and culminating in long-term neuroprotection.
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INTRODUCTION

Heat-shock proteins are stress responsive proteins that are
upregulated upon multiple noxious events such as heat,
inflammation, and ischemia."” Among these proteins, Hsp70 has
been studied in a great number of disease models."* Heat-shock
protein 70 has been reported to convey neuroprotection leading
to reduction of both apoptotic cell injury and inflammation after
hypoxic-ischemic brain injury.”™ The majority of this work,
however, refers to the intracellular form of Hsp70. Recently,
there is evidence that Hsp70 is secreted into the extracellular
matrix where it initiates pro-inflammatory actions, albeit these
results are still controversial."> Nevertheless, these issues have to
be addressed critically, if Hsp70 is supposed to be regarded as a
therapeutic approach for stroke in clinical settings.

Although beneficial effects of Hsp70 in experimental stroke
have been shown before, these studies were often restricted to
models using transgenic Hsp70-overexpressing mice or viral
vectors,®® making Hsp70 not attractive for clinical application
under these conditions. As proteins like Hsp70 do not pass the
intact cell membrane or blood-brain barrier (BBB), we have
previously fused Hsp70 to the transactivator of transcription (TAT)
domain of the human immunodeficiency virus.” Upon fusion of
proteins like Hsp70 to TAT, high transduction rates of both cells
and tissues are ensured.'®’" As such, intravenous application of
TAT-Hsp70 during early reperfusion in mice induced neuro-
protection via anti-apoptotic effects of the chaperone and via

enhanced neuroregeneration.’ The latter was limited to increased
numbers of endogenous neural precursor cells (NPCs) that
expressed an immature neuronal phenotype, which were
unlikely to significantly contribute to tissue recovery. However,
the mechanisms underlying TAT-Hsp70-induced neuroprotection
and whether the increased survival of NPCs may be used for
therapeutic approaches remained unknown at that time.

In the present study, we show that TAT-Hsp70 reduces
postischemic brain injury via anti-inflammatory actions within
the rodent brain, albeit neuroprotection is limited to an
observation period of 4 weeks only. Rather, the reduced initial
anti-inflammatory response due to TAT-Hsp70 offers an attractive
extracellular milieu, in which late intravenous transplantation of
subventricular zone (SVZ)-derived NPCs on day 28 ensures long-
term neuroprotection for as long as 3 months poststroke.
A combinational therapeutic approach using early intravenous
TAT-Hsp70 infusion to provide an appropriate cellular environ-
ment for late transplantation of NPCs might therefore be a feasible
strategy in experimental stroke treatment.

MATERIALS AND METHODS
Animals and Experimental Groups

Experimental procedures were in accordance with the National European
Institutes of Health guidelines for the care and use of laboratory animals
and approved by local authorities (Landesamt fiir Natur, Umwelt und
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Verbraucherschutz Nordrhein-Westfalen, Germany). For all experiments,
male C57BL/6 mice (11 to 13 weeks, 25 to 27 g; Charles River, Germany)
were used. Mice were randomized to different treatment groups and
treatment was masked to the experimenters. Animals underwent a defined
treatment paradigm (Table 1), which included systemic intravenous
infusion of TAT-Hsp70 (1 nmol) or TAT-HA (1 nmol, control) during the
beginning of reperfusion (0hour) or thereafter, i.e,, 6 hours, 12 hours, or
24 hours after induction of stroke. As previous work of our group observed
significant modulation of postischemic neuroregeneration due to addi-
tional injections of TAT-Hsp70,° mice surviving 28 days or 84 days received
additional injections of TAT-Hsp70 or TAT-HA (1 nmol each) on day 14
poststroke. For mimicking clinically relevant situations, some animals
underwent systemic thrombolysis (rt-PA; 10 mg/kg body weight) or NaCl
infusion as control during reperfusion followed by TAT-Hsp70/TAT-HA
infusion 12hours poststroke. All injections have been performed via
cannulation of the femoral vein. Animals surviving for 3 days after
induction of stroke showed survival rates of 100% for each experimental
condition. Survival rates for 28-day survivors were 83.3% (TAT-HA) and
76.9% (TAT-Hsp70). Detailed survival rates for mice surviving 84 days were
as follows: 100% (TAT-HA), 84.6% (TAT-Hsp70), 91.6% (TAT-HA + NPCs),
91.6% (TAT-Hsp70+ NPCs), 100% (TAT-HA+ NaCl), and 100% (TAT-
Hsp70 + NaCl). Numbers of mice used for statistical analysis are given in
the corresponding figure legends. Assessment of cell proliferation was
performed on animals surviving either 28 days or 84 days via 11
consecutive intraperitoneal injections of 5-bromo-2-desoxyuridine (BrdU;
50 mg/kg body weight) on days 8 to 18.

Preparation of Recombinant Proteins

TAT-Hsp70 and TAT-HA, which are also included in the TAT-Hsp70
construct serving as control, were prepared under native conditions as
described before.'? Briefly, the recombinant genes were expressed in
Escherichia coli strain BL21 (DE3) pLysS (Novagen, Madison, WI, USA) and
proteins were isolated in 10 mmol/L Tris, pH 10, 20% glycerol, 274 mmol/L
NaCl, 0.1% Pluronic, 0.02% Tween-80. Bacterial debris was removed by
centrifugation and the cell extracts were purified by affinity
chromatography using Ni-tris-carboxymethyl-ethylene-diamine.” Protein
was eluted by stepwise addition of binding buffer containing increasing
concentrations of imidazole. The column eluate was purified from
imidazole by gel filtration (SephadexTM G-25 M, GE Healthcare Bio-
Sciences AB, Freiburg, Germany). According to this procedure, TAT-Hsp70
is highly stable after cell transduction as no protein degradation is
detected 24hours after protein application, suggesting that the
intracellular half-life time is at least a few days.'?

Adult Subventricular Zone-Derived Neural Precursor Cells

Neural precursor cells were isolated from the SVZ of 6 to 8-week old male
transgenic green fluorescence protein positive (GFP ™) animals (C57BL/6-Tg
ACTB-EGFP, 10sb/J; JAX Laboratory, Bar Harbor, ME, USA) as described.'

(Zeiss, Jena, Germany) and minced into small pieces, followed by mech-
anical trituration and dissociation into a single-cell suspension. Thereafter,
cells were cultured in serum-free basic DMEM (Dulbecco’s Modified Eagle
Medium)-F12 (PAA, Pasching, Austria) supplemented with epidermal
growth factor (2 ug/mL), basic fibroblast growth factor (2 ug/mL), and
penicillin-streptomycin (Invitrogen, Darmstadt, Germany). Cells were
incubated with 5% CO, at 37°C. The growth factors were supplemented
every 2 to 3 days and cells were passaged via accutase (Invitrogen)
digestion for 30 minutes at 37°C with a re-suspension every 10 minutes.
Thereafter, cells were centrifuged and resuspended in conditioned
medium. Neurosphere passages were done every 7 to 10 days and cells
used for transplantation were derived from passage 3 to 8. These NPCs
were intravenously infused (1 x 10° cells in 100 L saline; saline served as
control) via femoral vein cannulation 28 days after induction of stroke.

Induction of Transient Focal Cerebral Ischemia

Cerebral ischemia was induced using middle cerebral artery occlusion.”
Animals were anesthetized (0.8% to 1.5% isoflurane, 30% O,, remainder
N,0), and rectal temperature was maintained at 36.5°C to 37.0°C
employing a feedback-controlled heating system under continuous
control of blood flow changes by means of a laser Doppler flow system
(Perimed, Jarfalla, Sweden). Occlusion of the left middle cerebral artery was
achieved using a 7-0 silicon-coated nylon monofilament (180 um tip
diameter; Doccol, Sharon, MA, USA), which was withdrawn after 60 minutes
to induce transient focal cerebral ischemia. Laser Doppler flow recordings
continued for additional 15 minutes to monitor appropriate reperfusion.

Analysis of PostStroke Brain Injury and Immunohistochemistry

Infarct volumes were analyzed on day 3 via staining with 2,3,5-
triphenyltetrazolium chloride (2%), followed by a computer-based analysis
of infarct volumes using the freely available software Imagel. Postischemic
brain edema was measured as the increase of ipsilateral hemispheric
volume in comparison to the contralateral hemisphere.

For immunohistochemical analysis, animals were intraperitoneally
injected with chloral hydrate (420 mg/kg body weight) and transcardially
perfused with 4% paraformaldehyde at the time points given. The brains
were removed, shock-frozen in liquid nitrogen, and 16-um thick coronal
cryostat sections were prepared. Quantitative analyses for immunohisto-
chemical stainings were performed defining regions of interest within the
ischemic basal ganglia. Stereotactic coordinates were 0.14 mm anterior, 2.5
to 3.25 mm ventral, and 1.5 to 2.25 mm lateral from bregma. Three sections
per animal and regions of interest were used.

For quantitative analysis of proliferating BrdU™ cells, sections were
exposed to blocking solution and subsequently stained with a monoclonal
mouse anti-BrdU antibody (1:400; Roche, Mannheim, Germany) or a
monoclonal rat anti-BrdU antibody (1:400; Abcam, Cambridge, UK). As
quenching of fluorescence signal of GFP* NPCs occurs during section
processing, a polyclonal rabbit anti-GFP antibody (1:2500; Abcam) was

The SVZ was microdissected under stereomicroscopic control used to enhance GFP signal intensity.
Table 1. Experimental treatment paradigm
TAT-Hsp70 TAT-Hsp70 TAT-Hsp70 TAT-Hsp70 TAT-HA TAT-HA TAT-HA TAT-HA
(reperfusion) (6 hours) (12 hours) (24 hours) (reperfusion) (6 hours) (12 hours) (24 hours)

No additional Survival 3 days Survival Survival 3, 28, Survival Survival Survival Survival 3, 28, Survival
Treatment 3 days 84 days 3 days 3 days 3 days 84 days 3 days

+ rt-PA ND ND Survival 3 days ND ND ND Survival 3 days ND
(reperfusion)

+ Nacl ND ND Survival 3 days ND ND ND Survival 3 days ND
(reperfusion)

+ NPCs (day 28) ND ND Survival ND ND ND Survival ND

84 days 84 days
+ Nacl (day 28) ND ND Survival ND ND ND Survival ND
84 days 84 days

Hsp70, heat-shock protein 70; ND, not determined; TAT, transactivator of transcription.
Assessment of the therapeutic time window for treatment with TAT-Hsp70 was done by injecting TAT-Hsp70 (1 nmol) or TAT-HA (1 nmol, control) intravenously
into the femoral vein. TAT fusion proteins were given either during the beginning of reperfusion (0 hour) or at 6 hours, at 12 hours or at 24 hours after
induction of stroke. Please note that animals surviving for 28 days or 84 days received additional injections of TAT-Hsp70/TAT-HA on day 14 poststroke.
Whereas the majority of animals received no additional treatments, some animals received intravenous thrombolysis via rt-PA (10 mg per kg body weight;
NaCl served as control) during the beginning of reperfusion before treatment with fusion proteins at 12 hours poststroke. Other animals first received
injections with TAT-Hsp70/TAT-HA at 12hours and on day 14 before intravenous transplantation of neural precursor cells (NPCs, 1x 10° cells per
transplantation; NaCl served as control) on day 28 poststroke.
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Differentiation analysis of GFP " or BrdU ™ cells was done using double
staining against BrdU/GFP and a polyclonal goat anti-doublecortin
antibody (1:50; Santa Cruz Biotechnology, Heidelberg, Germany), a
polyclonal rat anti-glial fibrillary acidic protein antibody (1:500; Zymed,
Darmstadt, Germany), a monoclonal mouse anti-CNPase antibody (1:400;
Millipore, Billerica, MA, USA), a monoclonal mouse anti-NeuN antibody
(1:1000; Millipore, Oxfordshire, UK) or a monoclonal mouse anti-nestin
antibody (1:500; Millipore). All antibodies were incubated for 18 hours at
4°C. Thereafter, the sections were incubated for 1hour at room
temperature. For double staining with BrdU, the following secondary
antibodies were used: goat anti-mouse Cy-3 (1:400; Dianova, Hamburg,
Germany) or goat anti-rat Alexa 594 (1:400; Dianova) for BrdU staining,
goat anti-rat Alexa 488 (1:250; Molecular Probes, Darmstadt, Germany) or
donkey anti-goat Alexa 488 (1:250; Molecular Probes) for glial fibrillary
acidic protein or doublecortin staining, and goat anti-mouse Alexa 488
(1:100; Jackson Immunoresearch, Suffolk, UK) for CNPase staining and goat
anti-mouse Alexa 488 (1:400; Molecular Probes) for NeuN staining. For
double staining with GFP, the secondary antibodies were as follows: goat
anti-mouse Cy-3 (1:100; Jackson ImmunoResearch) for NeuN, CNPase, and
nestin staining as well as goat anti-rat Cy-3 antibody (1:200, Abcam) for
glial fibrillary acidic protein staining. Double staining against doublecortin
was done using a donkey anti-goat Cy-3 secondary antibody (1:500;
Dianova). Photos for differentiation analysis with subsequent 3D-recon-
struction were made using a Zeiss microscope (Germany) equipped with
an ApoTome and the corresponding AxioVision software (Zeiss).

Further assessment of brain injury was performed on day 3 by means of
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling as
described before.'® Analysis of brain injury on days 3, 28, and 84 was
performed by determination of neuronal density, i.e., after quantitative
analysis of NeuN ™ cells within defined regions of interest as stated above.
Assessment of microglial activation was performed using a rat biotin-
conjugated lectin lb, (1:100; Vector, Peterborough, UK). Cell numbers for
each specific staining were recalculated and are given as total amount of
cells per square millimeter.

Evans Blue Extravasation

Mice received intravenous bolus injections of 2% Evans Blue (2 mL/kg body
weight) via tail vein cannulation 22 hours poststroke to assess the integrity
of the BBB.'® Animals were killed 2 hours later and transcardially perfused
with phosphate-buffered saline. The left (ischemic) hemispheres were
weighed, homogenized in 2 mL of 50% trichloroacetic acid, and centrifuged
at 10,000 r.p.m. for 20 minutes. The extracted Evans Blue dye was further
diluted with ethanol, and the fluorescence signal was measured with a
luminescence spectrophotometer (exc.=620nm, em.=680nm). An
external standard (62.5 to 500 ng/mL) was used for calculation of Evans
Blue contents, which is given as (ug) Evans Blue per (g) tissue.

Assessment of PostStroke Functional Recovery

Motor coordination deficits were analyzed using the rotarod, tightrope,
and the corner turn test.'” Behavioral tests were performed in a masked
manner. One day before induction of stroke, animals were trained before
the beginning of the actual tests on day 7, 14, 28, 56, and 84. Using the
rotarod test, animals were put on an accelerating treadmill (TSE Systems,
Bad Homburg, Germany; 3 cm diameter) with an accelerating speed of 4 to
40r.p.m. The maximum speed was achieved after 260seconds, and
maximum testing time was 300 seconds. The time until animals dropped
was registered and statistically analyzed. For the tightrope test, animals
were placed on a 60 cm long rope grasping the string with their forepaws.
Maximum test time was 60seconds, and results were scored from 0
(minimum) to 20 (maximum) according to a validated score.'” Rotarod and
tightrope tests were performed twice at each time point and means were
calculated. For the corner turn test, two vertical boards were attached at
one side with an angle of 30°, and each mouse was tested for the side
chosen over 10 trials per test day. Whereas healthy animals leave the
corner without side preference, mice suffering from stroke preferentially
turn to the left, non-impaired body side.'®'® The laterality index was
calculated according to the following formula: number of right turns/10.
For assessment of cognitive deficits, a modified water maze test was
performed on days 26 to 28, days 54 to 56, and on days 82 to 84 poststroke
as has been described.®® A transparent plexiglass platform (11 x 11cm)
was submerged in a swimming pool with the top located 1 cm below the
water surface. A full experiment consisted of 24 trials per time point; four
trials in the morning and four trials in the afternoon of each test day with a
maximum testing time of 90 seconds per trial. For trials 1 to 16 and 21 to
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24 the platform was always located in the center of the same quadrant and
animals were always put into the same of one of the remaining quadrants.
For assessment of new learning strategies (task switch), the platform was
set into another quadrant for the trials 17 to 20. Thereafter, the platform
was relocated at its original position for the remaining four trials (21 to 24).
The time needed to reach the platform was statistically analyzed using a
computer-based system (TSE Systems). Data are given as means of four
trials each.

Western Blotting and NF-xB p65 Activation Kit

Western blotting was performed on day 3 after induction of stroke in the
left (ischemic) hemispheres of individual mice, which were complemented
with lysis buffer (50 mmol/L Tris, pH 8.0, 150 mmol/L NaCl, 1% Triton X-100,
and protease inhibitors), homogenized, and centrifuged. Contralateral right
(non-ischemic) hemispheres served as control. Lysates were centrifuged
and supernatants were used for SDS-PAGE. Equal amounts of protein
(60 ug) were diluted in 6 x sample buffer, boiled, and loaded onto 12%
polyacrylamide gels. Proteins were transferred onto Polyvinylidene
difluoride membranes, which were immersed in blocking solution (5%
milk in TBS-T (0.1% Tween 20+ TBS); 1 hour at room temperature) and
then incubated overnight at 4°C with a rabbit polyclonal antibody against
TLR-2 (1:1000, Santa Cruz Biotechnology), a rabbit polyclonal antibody
against TLR-4 (1:1000, Santa Cruz Biotechnology), a mouse monoclonal
antibody against NF-xB p65 (1:200, Santa Cruz Biotechnology), or a mouse
monoclonal antibody against Ikappa B alpha (IxB-2) (1:1000, Santa Cruz
Biotechnology). Thereafter, membranes were incubated with a peroxidase-
coupled goat anti-rabbit or goat anti-mouse secondary antibody (1:2000;
Santa Cruz Biotechnology), washed several times, immersed in enhanced
chemiluminescence solution and exposed to enhanced chemilumine-
scence-Hyperfilm (Amersham, Hamburg, Germany). Membranes were
scanned and used for densitometric quantitative analysis of protein
abundance referred to actin expression.

For assessment of NF-xB translocation (i.e., activation of NF-xB), an
NF-xB activation kit (FIVEphoton Biochemicals, San Diego, CA, USA) was
used, thus discriminating between both cytosolic and nuclear fractions of
NF-B p65. After the manufacturer’s protocol, the kit was performed in the
left (ischemic) brain hemispheres on day 3 poststroke within animals that
had been treated with either TAT-HA or TAT-Hsp70 at 12 hours poststroke.

Enzyme Linked Immunosorbent Assay for Measurement of Growth
Factors

Detection of selected growth factors was done in the ischemic hemispheres
of mice on day 84 after induction of stroke. Levels of growth factors such as
vascular endothelial growth factor (R&D Systems, Minneapolis, MN, USA),
nerve growth factor (Promega, Mannheim, Germany), brain-derived
neurotrophic factor (Promega), glial cell line-derived neurotrophic factor
(Promega), basic fibroblast growth factor (R&D Systems), and epidermal
growth factor (R&D Systems) were measured using commercial mouse
ELISA kits according to the manufacturer’s instructions.

Measurement of Proteasome Activity

Proteasome activity was determined in brain homogenates of the left
ischemic hemispheres on day 3 after induction of cerebral ischemia.
Hemispheres were lysed using a buffer containing 100 mmol/L Tris-HCl,
145 mmol/L NaCl, 10 mmol/L EDTA, and 0.5% Triton X-100 at pH 7.5 as has
been described before.?' The substrate Suc-LLVY-AMC (50 umol/L; Bachem,
Heidelberg, Germany) was used for detection of the chymotrypsin-like
activity of the proteasome. A volume of 200uL of lysis buffer was
incubated with 90 uL of a buffer containing 50 mmol/L Tris, 20 mmol/L KCl,
1 mmol/L magnesium acetate, 2 mmol/L dithiothreitol, 1 mmol/L leupeptin,
1 ug/mL aprotinin (Sigma-Aldrich, Taufkirchen, Germany) and 1 mmol/L
PMSF (Merck, Darmstadt, Germany). As Suc-LLVY-AMC is not specific for
determination of proteasome activity,?’ some samples/lysates were given
the proteasome inhibitor MG-132 (1 umol/L; Sigma-Aldrich) immediately
before the beginning of the measurement, as previously described.?’
Determination of substrate cleavage was performed at 37°C in a fluo-
rescence microtiter plate reader with Aeye =355nm and A, =460 nm;
AMC (Sigma-Aldrich) was used for initial calibration. Proteasome activities
are given as arbitrary units per minute per milligrams of protein. The
Bradford assay was used for measurement of protein content.

For assessment of direct effects of TAT fusion proteins on the
proteasome, the chymotrypsin-like activity of isolated 20S proteasomes
was estimated by hydrolysis of Suc-LLVY-AMC as described previously.??

© 2013 ISCBFM
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Figure 1. Delayed intravenous infusion of TAT-heat-shock protein 70 (Hsp70) is neuroprotective. (A) Analysis of infarct volumes on day 3 after
induction of stroke using 2,3,5-triphenyltetrazolium chloride (TTC) staining (n=7 per condition). TAT-Hsp70 or TAT-HA (control) was
intravenously given during the beginning of reperfusion (0hour), 6hours, 12hours, or 24hours after stroke onset. TTC (2,3,5-
triphenyltetrazolium chloride) stainings depicted represent typical orientation of ischemic lesions when TAT-Hsp70 or TAT-HA were given
12 hours poststroke. (B) Measurement of brain edema from mice used for (A) by subtracting the increase of ipsilateral hemispheric volume in
comparison to the contralateral hemisphere. TAT-Hsp70 or TAT-HA was given 12 hours poststroke. (C) Integrity of blood-brain barrier on day 3
by means of Evans Blue extravasation. Measurements were performed on day 3 poststroke on animals that had received TAT-Hsp70 or TAT-HA
12 hours after stroke onset (n=6 per condition). (D) Assessment of brain injury on day 3 poststroke via TUNEL staining. Mice (n=7 per
condition) received intravenous infusion of TAT-Hsp70 or TAT-HA 12 hours poststroke. *Significantly different from controls, P<0.05. Scale bar,

50 um. DAPI, 4,6-diamidino-2-phenylindole; TAT, transactivator of transcription; TUNEL, TdT-mediated dUTP nick end labeling.

Briefly, proteasomes (100 ng) were pre-incubated with either TAT-HA or
TAT-Hsp70 (0.1, 0.5, and 1 umol/L each) in 20 mmol/L Tris and 1 mmol/L
EDTA (pH 7.2) for 10 minutes at room temperature. Control proteasomes
received phosphate-buffered saline instead of fusion proteins. The
measurement was started by addition of 50 umol/L Suc-LLVY-AMC in
the same buffer and incubated for 20 minutes at 37°C.

Statistics

All data are given as mean *standard deviation (s.d.). For comparison
between two groups, the student t-test was used, whereas for comparison
between multiple groups a one-way analysis of variance followed by the
Tukey's post hoc test was performed. A P value of <0.05 was considered to
be statistically significant.

RESULTS

Delayed Intravenous Infusion of TAT-Heat-Shock Protein 70
Protects Against Cerebral Ischemia

We have previously shown that infusion of TAT-Hsp70 immediately
after reperfusion is neuroprotective.” However, such early therapeutic
interventions are unlikely under clinical settings. We therefore
analyzed the therapeutic time window for TAT-Hsp70-induced

© 2013 ISCBFM

neuroprotection after middle cerebral artery occlusion in mice.
Analysis of infarct volumes on day 3 after stroke revealed an acute
neuroprotection when TAT-Hsp70 was given no later than 12 hours
poststroke (Figure 1A). We observed infarct volumes of 383 %
69mm? in mice that had been treated with TAT-Hsp70 12hours
poststroke as compared with infarct volumes of 652+ 11.7mm? in
control animals that had been treated with TAT-HA.

In line with the reduced infarct volumes, further analysis of
postischemic brain injury yielded reduced brain edema in mice
treated with TAT-Hsp70 (Figure 1B). Integrity of the BBB was also
enhanced in those animals that had been treated with the anti-
apoptotic fusion protein when compared with control animals
(Figure 1C). Analysis of TdT-mediated dUTP nick end labelling
positive cells on day 3 showed reduced numbers of TdT-mediated
dUTP nick end labelling positive cells in TAT-Hsp70-treated mice
(Figure 1D), further suggesting that TAT-Hsp70 is neuroprotective
when given no later than 12 hours poststroke. In view of the high
clinical relevance of a delayed protein delivery, further experi-
ments evaluating the therapeutic potential of TAT-Hsp70 and
its underlying mechanisms were therefore performed using the
12-hour treatment paradigm.
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Figure 2.

rt-PA MacCl rt-PA

TAT-heat-shock protein 70 (Hsp70) reduces rt-PA-mediated brain toxicity. Animals were intravenously treated with either rt-PA

(10 mg/kg body weight (BW)) or NaCl (control) at the beginning of reperfusion followed by intravenous infusion of TAT-Hsp70 or TAT-HA
12 hours after stroke onset. (A) Analysis of infarct volumes on day 3 after induction of stroke using 2,3,5-triphenyltetrazolium chloride (TTC)
staining (n =8 per condition). (B) Measurement of brain edema from mice used for (A) by subtracting the increase of ipsilateral hemispheric
volume in comparison to the contralateral hemisphere. (C) Analysis of brain injury using TUNEL staining on day 3 poststroke. Animals (n=6
per condition) were treated as stated above. *Significantly different from controls, P< 0.05. *Significantly different from mice treated with both
NaCl and TAT-HA. TAT, transactivator of transcription; TUNEL, TdT-mediated dUTP nick end labeling.

TAT-Heat-Shock Protein 70 Reduces rt-PA-Mediated Brain Toxicity

In order to assess the therapeutic potential of TAT-Hsp70 under
clinically relevant situations, mice receiving thrombolytic rt-PA
immediately after reperfusion were intravenously treated with
TAT-Hsp70 12 hours poststroke. Using this experimental paradigm,
application of TAT-Hsp70 resulted in significant reduction of
infarct volume in animals that were treated with either NaCl or rt-
PA (Figure 2A). Noteworthy, TAT-Hsp70 diminished rt-PA-induced
brain injury on day 3 poststroke (Figure 2A). In line with the
reduction of infarct volume, application of TAT-Hsp70 resulted in
reduced brain swelling (Figure 2B) and reduced DNA fragmenta-
tion evaluated by TdT-mediated dUTP nick end labelling staining
(Figure 2C). These data suggest that TAT-Hsp70 should even be
neuroprotective when given after systemic thrombolysis.

TAT-Heat-Shock Protein 70 Induces Longer-Lasting but not Long-
Term Neuroprotection

Intravenous delivery of TAT-Hsp70 induced neuroprotection that
persisted until day 28 when initiated during early reperfusion
(12 hours after middle cerebral artery occlusion) and repeated
once on day 14 after stroke (Figure 3A). The latter was associated
with reduced functional impairment (Figures 3B-E). Noteworthy,
differences in water maze test performance were not attributed to
impaired motor coordination as average swimming speed of all
runs between TAT-HA controls and TAT-Hsp70-treated mice did
not differ from each other (17.2 + 3.1 cm/second vs. 15.8 £ 4.7 cm/
second). However, TAT-Hsp70 treatment did not yield sustained
neuroprotection with functional improvement on day 84 post-
stroke (Figure 3). Neuronal density on day 84 was 572+ 111 in
TAT-HA-treated animals as compared with 632 £ 162 per mm? in
mice treated with TAT-Hsp70. Behavioral data revealed that
therapeutic effects because of TAT-Hsp70 treatment disappeared
between day 56 and day 84 poststroke (Figures 3B-E).

TAT-Heat-Shock Protein 70 Induces Acute Neuroprotection via
Anti-Inflammatory Actions

As extracellular Hsp70 has been shown to also induce pro-
inflammatory cell cascades,'” we wondered how treatment with
TAT-Hsp70 affects postischemic microglial activation. Analysis of
lb;" cells on day 3 poststroke (Figure 4A) revealed significantly
reduced Ib;” cells within the ischemic striatum of mice treated
with TAT-Hsp70 (204.0 +62.1/mm?) as compared with controls
(338.0 + 37.2/ mm?). Although numbers of Ib," cells declined over
time in both experimental groups, the amount of Ib," cells was
still significantly reduced in TAT-Hsp70-treated mice as compared
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with controls (16.3 +3.6/mm? vs. 41.2 + 6.8/ mm?). We observed
no lb;" cells in any experimental group on day 84 poststroke (data
not shown).

Hsp70 is a ligand of the Toll-like receptors (TLR) 2/4, which are
located on the cell membrane inducing pro-inflammatory cellular
pathways via NF-xB signaling upon activation.®> Noteworthy,
protein abundance of both TLR-2 and TLR-4, which were
upregulated upon cerebral ischemia, did not differ between
both treatment groups (Figures 4B and 4C). Analysis of expression
patterns of NF-xB p65, however, revealed reduced protein
abundance in mice treated with TAT-Hsp70, which was associated
with increased protein abundance of the physiologic NF-xB
inhibitor IxB-u in these animals (Figures 4B and 4C). As NF-xB p65
expression patterns do not necessarily reflect activation states of
the transcription factor, nuclear translocation of NF-xB p65
(indicating activation) was performed on day 3 poststroke.
Western blotting of cytosolic/nuclear fractions of ischemic brain
homogenates revealed significantly enhanced detection levels of
NF-xB p65 in nuclear fractions of TAT-HA-treated mice, whereas
NF-«xB p65 levels of TAT-Hsp70-treated mice were essentially
restricted to cytosolic fractions (Supplementary Figure 1).

Regulation of NF-xB by means of IxB-« depends on proteasomal
degradation.®* As such, we analyzed whether TAT-Hsp70 affected
proteasomal activity within the ischemic brain. Activity of the
chymotrypsin-like activity of the proteasome was significantly
reduced on day 3 poststroke in mice that had been treated with
TAT-Hsp70 (Figure 4D). However, proteasomal activity of isolated
20S proteasomes was not directly affected by TAT-Hsp70 (not
shown). These data suggest that TAT-Hsp70 reduces postischemic
proteasomal activity affecting the NF-xB pathway, which is
associated with reduced microglial activation.

TAT-Heat-Shock Protein 70 Provides a Favorable Postlschemic
Milieu for Systemic Neural Precursor Cells Transplantation

As TAT-Hsp70-induced anti-inflammatory actions (Figure 4) asso-
ciated with longer-lasting neuroprotection (Figure 3), we won-
dered whether the therapeutic potential of TAT-Hsp70 might be
increased when combined with transplantation of adult NPCs. In
this sense, systemic transplantation of NPCs is well known to
induce neuroprotection.'™*>?® However, cell-based strategies are
hampered because of low survival rates of transplanted NPCs.'**°
We therefore hypothesized that the favorable anti-inflammatory
and anti-apoptotic milieu induced by TAT-Hsp70 delivery might
enhance the success of NPC transplantation, even when cells are
transplanted at later stages of the disease.
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Figure 3. Analysis of long-term neuroprotection and functional impairment after stroke. (A) Neuronal density determined on day 28 (n=9 to
10 per condition) and on day 84 (n=11 per condition) in animals that had received intravenous injections of TAT-heat-shock protein 70
(Hsp70) or TAT-HA 12 hours poststroke plus additional injections on day 14. Representative photos taken for day 28 poststroke from animals
that had received either TAT-Hsp70 or TAT-HA. (B) Motor coordination (n=11 per condition) as assessed using the rotarod test with a
maximum test time of 300 seconds on the rod. (C) Further analysis of postischemic motor coordination by means of the tightrope assay
(n=11 per condition), where animals were scored from 0 (minimum) to 20 (maximum). (D) Corner turn test (n=11 per condition) depicting
the postischemic laterality index (0 to 1) of test mice. High values of laterality indices refer to more pronounced postischemic injury. (E)
Assessment of cognitive impairment in stroke mice was performed using a modified water maze test (n=11 per condition) with a maximal
testing time of 90 seconds per trial. Animals that did not reach the platform were scored 90 seconds. A total of 24 trials per time point was
performed. Four trials were always grouped as one run, which is given in roman numbers | to VI per time point (i.e., days 26 to 28, days 54 to
56, and days 82 to 84). The platform was always located at the same position except for run V, where the position was changed (‘task switch’).
The platform was placed back on its original position for the final run VI of each time point. *Significantly different from controls, P<0.05.
Scale bar, 50 um. DAPI, 4,6-diamidino-2-phenylindole; TAT, transactivator of transcription.

Hence, SVZ-derived GFP" NPCs were systemically (intrave- day 31 poststroke. Thus, we observed 154.4+31.9 NPCs/mm?,
nously) transplanted on day 28 in mice, which had been treated suggesting a significant decline of intracerebral NPC numbers over
intravenously with either TAT-Hsp70 or TAT-HA at 12 hours and on time until day 84, which is significantly attenuated by treatment
day 14 poststroke as described above. Tracking of GFP ™ cells on with TAT-Hsp70 (Figure 5A).
day 84 within the ischemic hemisphere revealed significantly In line with the increased intracerebral numbers of grafted
increased numbers of NPCs in mice that had been treated with the NPCs in mice that had been treated with TAT-Hsp70, these
TAT-Hsp70 fusion protein as compared with mice, which had been animals showed increased postischemic neuronal survival and
treated with TAT-HA (Figure 5A). We observed 49.2 +12.3 GFP improved neurologic outcome when compared with mice that
NPCs within the ischemic hemisphere of TAT-HA-treated mice as had been treated with TAT-HA and NPCs (Figures 5B-E). Again,
compared with 84.7 £ 15.1 cells per mm? in animals treated with significant differences in the water maze test are unlikely to be
TAT-Hsp70. In order to assess ‘maximal’ intracerebral NPC biased because of impaired motor coordination, as average
numbers that can be achieved under the experimental protocol swimming speed of mice did not differ between each other
used, NPCs were also injected on day 28 in otherwise non-treated (data not shown). Interestingly, transplantation of NPCs in
stroke mice. To exclude relevant secondary cell death of mice that had been treated with TAT-HA did not improve
grafted cells, mice were killed 72 hours after transplantation and neurologic recovery. These data suggest a synergistic action
the amount of transplanted intracerebral NPCs was analyzed on of TAT-Hsp70 and adult NPCs, indicating that the favorable
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Figure 4. TAT-heat-shock protein 70 (Hsp70) induces acute neuroprotection via anti-inflammatory actions. (A) Quantitative analysis of
microglial activation within the ischemic striatum using Ib,4 staining on day 3 after induction of stroke (n = 7). Photos depicted show typical
representation of Ib, staining on day 3 in mice treated with either TAT-HA or TAT-Hsp70. (B) Western blot analysis (n=5) in lysates derived
from both contralateral (‘No ischemia’) and ipsilateral (Ischemia’) hemispheres from mice treated with either TAT-HA or TAT-Hsp70. Western
blots were performed on day 3 poststroke against Toll-like receptors 2/4 (TLR-2/TLR-4), the nuclear factor kappa B p65 and against Ikappa B
alpha. (C) Densitometric analyses from western blots obtained in (B). (D) Measurement of proteasomal chymotrypsin-like activity (n=5 per
condition) in left ischemic brain homogenates 3 days after stroke using Suc-LLVY-AMC as substrate. As Suc-LLVY-AMC is not a specific
proteasome substrate, some samples were incubated with the proteasome inhibitor MG-132 (1 umol/L) immediately before the recording of
substrate cleavage to verify the measurement of proteasomal activity. Data are given as arbitrary fluorescence units per minute per mg of total
protein. *Significantly different from controls, P<0.05. Scale bar, 40 um. DAPI, 4,6-diamidino-2-phenylindole; TAT, transactivator of
transcription.

TAT-Hsp70-induced milieu may be used for successful cell intravenous cell transplantation enabling sustained neuro-
transplantation later on. protection in the ischemic brain, we wondered whether NPC-

induced neuroprotection was a consequence of neuronal

differentiation of grafted NPCs. Differentiation analysis of trans-
Differentiation Patterns of Endogenous and Grafted Neural planted GFP™ NPCs on day 84 revealed no mature neuronal
Precursor Cells are not Affected by TAT-Heat-Shock Protein 70 phenotype as evidenced by the absence of NeuN in grafted cells
After the observation that the favorable extracellular milieu (Figure 6A). Rather, transplanted NPCs expressed the neural
induced by TAT-Hsp70 treatment could be used for late marker nestin, the immature neuronal marker doublecortin, the
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Figure 5. TAT-heat-shock protein 70 (Hsp70) provides favorable extracellular milieu for postischemic neural precursor cell (NPC)
transplantation. Mice received TAT-Hsp70 or TAT-HA during reperfusion plus additional infusion on day 14 followed by intravenous/systemic
transplantation of 1 x 10° green fluorescence protein positive (GFP ") NPCs on day 28 poststroke. (A) Assessment of numbers of GFP ™ NPCs
(n=12 per condition) within the ischemic hemisphere on day 84 for animals that had been treated with either TAT-Hsp70 or TAT-HA. Photo
depicted shows representative orientation of NPCs within the ischemic basal ganglia on day 84 in mice that had been treated with TAT-Hsp70.
(B) Analysis of postischemic brain injury (n =11 to 12) on day 84 using NeuN staining. Animals received intravenous infusion of TAT-Hsp70 or
TAT-HA as stated above plus additional injection of NPCs or NaCl (control) on day 28 poststroke. (C-E) Motor coordination tests (n=11 to 12)
were performed on day 84 using the rotarod, the tightrope, and the corner turn test. For the rotarod test, maximum test time was
300 seconds, whereas for the tightrope test, animals were scored from 0 (minimum) to 20 (maximum). Using the corner turn test, the
postischemic laterality index (0 to 1) for the four different treatment groups was determined on day 84. High values of laterality indices refer
to more pronounced postischemic injury. (F) Assessment of cognitive impairment in stroke mice (n=11 to 12) was performed using a
modified water maze test on days 82 to 84 with a maximal testing time of 90 seconds per trial. Animals that did not reach the platform were
scored 90 seconds. A total of 24 trials were performed, and four trials were always grouped as one run. The platform was always located at the
same position except for run V, where the position was changed (‘task switch’). The platform was placed back on its original position for the
final run V1. *Significantly different from controls, P<0.05. Scale bar, 40 um. DAPI, 4,6-diamidino-2-phenylindole.

astroglial marker glial fibrillary acidic protein or the oligoden-

treated with TAT-Hsp70 did not result in sufficiently high mature
droglial marker CNPase (Figure 6A). However, TAT-Hsp70 treat-

neuronal differentiation rates of either grafted or endogenous

ment did not influence the differentiation pattern (Figure 6A).
Assessment of postischemic proliferation of new-born endogen-
ous cells via BrdU staining (given intraperitoneally on days 8 to 18,
i.e, before transplantation of GFP™ NPCs) showed significantly
increased numbers of BrdU ™ cells within the ischemic striatum of
animals that had been treated with both TAT-Hsp70 and
subsequent NPC transplantation (Figure 6B). Again, differentiation
analysis of these endogenous new-born cells yielded no
significant difference between TAT-HA and TAT-Hsp70 delivery
(Figure 6C). As transplantation of NPCs in mice that had been

© 2013 ISCBFM

NPCs, we hypothesized that beneficial effects of grafted cells
are most likely due to indirect mechanisms. We therefore
analyzed the contents of selected growth factors within the
ischemic hemisphere of mice that had been treated with TAT-HA
or TAT-Hsp70 followed by additional treatment with either
NPCs or NaCl. Notably, the combined delivery of TAT-Hsp70 and
NPCs increased concentrations of BDNF, VEGF and GDNF
(Figure 6D), whereas Monotherapies failed to do so. Thus
paracrine effects were involved in the effects observed by
transplanted NPCs.
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Figure 6. Differentiation patterns of endogenous and grafted neural precursor cells (NPCs) are not affected by TAT-heat-shock protein 70

(Hsp70) treatment. (A) Quantitative differentiation analysis (n = 12 per condition) of green fluorescence protein positive (GFP ") transplanted
NPCs on day 84 within the ischemic hemisphere of mice that had been treated with either TAT-Hsp70 or TAT-HA before. Representative photos
were taken on day 84 within the ischemic striatum of animals that had received a combinational therapy consisting of both TAT-Hsp70 and
NPCs. (B) Quantitative analysis (n=11 to 12 per condition) of 5-bromo-2-desoxyuridine positive (BrdU ") endogenous cells on day 84 within
the ischemic hemisphere. Animals had been treated with either TAT-Hsp70 or TAT-HA (during reperfusion plus day 14) followed by additional
infusion (day 28) of either NPCs or NaCl as control. (C) Quantitative differentiation analysis of BrdU ™ cells from (B) within the ischemic
hemisphere on day 84 poststroke. (D) Analysis of growth factor contents in ischemic hemispheres (n=5 per condition) on day 84 from
animals that had been treated as described in (B). *Significantly different from controls, P <0.05. Scale bars, 20 um. GFAP, glial fibrillary acidic

protein.

DISCUSSION

Neuroprotection in various models of experimental stroke by
overexpression of Hsp70°~8 or by application of pharmacological
Hsp70-inducers like geldanamycin® has been shown before. As
these models are not suitable for translational approaches partly
because of toxicity of Hsp70 inducers, we have previously used
the TAT-Hsp70 fusion protein inducing neuroprotection against
stroke.” However, observation periods in that study where TAT-
Hsp70 was given during early reperfusion were limited to 4 weeks.
Consequently, we now further evaluated the therapeutic potential
of TAT-Hsp70 and analyzed mechanisms underlying TAT-Hsp70-
induced neuroprotection.

Intravenous infusion of TAT-Hsp70 reduced postischemic brain
injury, which was associated with reduced brain swelling,
enhanced integrity of the BBB, and reduced DNA fragmentation
at 3 days after induction of stroke. However, TAT-Hsp70 cannot be
delivered beyond 12hours poststroke to be protective, a time
point when opening of the BBB is critically involved in ischemic
damage.?” Although thrombolysis remains the only causal therapy
for ischemic stroke, rt-PA is neurotoxic on its own.”® Interestingly,
TAT-Hsp70 also yielded neuroprotection when animals where first
treated with rt-PA, making Hsp70 an interesting tool for further
translational investigations in the future.

Hsp70 induces neuroprotection via its chaperone activity
resulting in reduction of apoptotic cell injury." Further studies
have shown that Hsp70-induced tissue rescue is not limited
to its chaperone activity but also involves reduced inflam-
matory tissue responses, thus reducing cell injury within the
ischemic brain."? However, extracellular Hsp70 has been
described to also act as a pro-inflammatory mediator, but the
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exact role of this effect remains elusive. Infusion of TAT-Hsp70
significantly reduced microglial activation 3 days after stroke,
suggesting that modulation of postischemic inflammation
is one key factor for acute neuroprotection in our stroke model
next to the aforementioned stabilization of the BBB. Hence,
reports on pro-inflammatory actions of Hsp70 might be partly
attributed to endotoxin contaminations during preparation of
recombinant Hsp70 in some studies, as has been discussed
previously.?

Hsp70 is a ligand of TLR such as TLR-2 and TLR-4, which are
involved in pro-inflammatory cell signaling via the NF-xB path-
way?® and which are upregulated upon cerebral ischemia.?®
Consequently, mice deficient of TLR have been shown to develop
reduced postischemic brain injury.3*3' In our model, cerebral
ischemia induced upregulation of TLR-2 and TLR-4 in both TAT-
Hsp70-treated mice and control animals at 3 days after stroke,
which is in line with the previous reports.>* Although we did not
find a difference in TLR protein expression between mice treated
with TAT-Hsp70 or TAT-HA, NF-kB p65 protein abundance that is
downstream of TLR signaling was significantly reduced in mice,
which had been treated with TAT-Hsp70. Expression patterns of
NF-xB p65, however, do not necessarily reflect activation states of
the transcription factor. We therefore analyzed activation of NF-«xB
p65, demonstrating enhanced nuclear translocation within the
mice treated with TAT-HA, thus supporting our hypothesis that
TAT-Hsp70 prevents postischemic NF-xB p65 activation. In
association with decreased NF-xB p65 expression and reduced
nuclear translocation, abundance of the physiologic NF-xB
regulator IkB-a was significantly enhanced in TAT-Hsp70-treated
mice. IkB-u is regulated by proteasomal degradation,® and
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determination of proteasomal activity in TAT-Hsp70-treated mice
revealed reduced activity of the chymotrypsin-like activity of the
20S proteasome, resulting in the aforementioned high expression
of lkB-o. Although there is evidence suggesting that heat-shock
proteins like Hsp90 are necessary for assembly of the 26S
proteasome,®® there is, to our knowledge, no report on a direct
negative impact on proteasomal activity by Hsp70. Likewise,
TAT-Hsp70 as used in our study did not affect in vitro 20S
proteasome activity directly. The observed reduced proteasomal
activity must therefore be a consequence of different hitherto
unknown mediators.

TAT-Hsp70 induced neuroprotection and reduced inflammation
within the ischemic brain despite high levels of TLR-2/4. In spite of
numerous reports on TLRs mediating postischemic inflammation,
there is also evidence demonstrating that deficiency of TLR-2
might rather aggravate brain injury than protect against stroke.*
In this context, inhibition of postischemic proteasome activation is
likely to be crucial for TAT-Hsp70-induced neuroprotection, albeit
a direct inhibitory effect by TAT-Hsp70 itself can be excluded as
suggested above. Proteasome inhibition has been shown to be a
promising tool to protect from ischemic brain injury, in part by
inhibiting pro-inflammatory NF-xB signaling.>>” Using the novel
proteasome inhibitor BSc2118 that extends the therapeutic time
window towards 12 hours poststroke, we have previously shown
that proteasome inhibition is a valuable concept in stroke
treatment.®® However, stroke treatment by proteasome
inhibition remains delicate depending on both timing and
dosages used, where inhibition of the 20S proteasome can also
induce rather than protect from ischemic brain injury.>

Monotherapy with TAT-Hsp70 did not result in long-term
neuroprotection when given 12hours and 14 days after stroke,
which might be in part attributed to the injection paradigm
chosen. Nevertheless, benefit via anti-inflammatory TAT-Hsp70-
induced actions due to extended injection protocols is not likely,
since inflammation at later stages of the disease is of minor
relevance. In line with this, we observed no Ib," cells on day 84 in
any experimental group. Whether additional non-inflammatory
TAT-Hsp70-induced actions after extended injections paradigms
could contribute to long-term neuroprotection was, however,
beyond the scope of the present work.

Consequently, we wondered if the therapeutic potential of TAT-
Hsp70 might be enhanced when combined with a neuroregen-
erative approach. Hence, treatment with TAT-Hsp70 was augmen-
ted with intravenous delivery of adult NPCs. Despite numerous
reports on postischemic neuroprotection due to intravenous NPC
transplantation,”>?® the therapeutic success of stem cell
transplantation depends on sufficiently high survival rates of
grafted cells, which are limited because of an unfavorable
extracellular micromilieu.?® In this context, infusion of TAT-Hsp70
provides a favorable extracellular brain milieu due to the
reduction of inflammation as well as maintenance and
protection of residing neural networks where survival rates of
grafted NPCs are increased, thus exerting long-term
neuroprotection after stroke. Transplanted cells, however, are
unlikely to be integrated into the residing neural network, as
neuronal differentiation rates were low. Rather, transplanted NPCs
act as ‘mini-pumps’ via continuous secretion of trophic mediators
thus increasing survival of endogenous SVZ-derived NPCs and
reducing secondary brain injury as discussed.'**°

In conclusion, the present study demonstrates that TAT-Hsp70
induces acute postischemic neuroprotection via anti-inflammatory
mechanisms, involving proteasomal inhibition that reduces NF-xB
activation via stabilization of |kB-o. The favorable extracellular
postischemic milieu induced by TAT-Hsp70 in turn facilitates
transplantation of NPCs, providing stable and sustained neuro-
protection against cerebral ischemia. We hypothesize that
combinations of anti-inflammatory and cell-based therapies may
particularly be promising for stroke treatment, as the reshaped
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micromilieu of the tissue may allow successful transplantation that
enables long-term neurologic recovery.
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