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Preparation of the JTT mixture culture medium

JTT extract powder was dissolved in Dulbecco’s
Modified Eagle's Medium (DMEM, Sigma) by stirring at
room temperature for | hr at a concentration of 2 mg/mi.
After dissolved, it was sonicated for 30 min (Branson
Sonifier 250, Danbury, CT, USA), and centrifuged at
3,000 rpm for 10 min (J6-HC Centrifuge, Beckman
Coulter, Fullerton, CA, USA) to remove the insoluble
materials. The supematant was then filtered with a dis-
posable syringe filter with a 0.22 yum PYDF membrane
(Millipore, Cork. Ireland). This solution was then added
with 10% fetal bovine serum (FBS, ICN Biomedicals,
Aurora, OH, USA), 0.2% glucose and 5 ug/ml bovine
insulin to prepare the JTT mixture culture medium.

Preparation and culture of primary microglia and Ra2
cell lines

Mouse primary microglia were isolated from prima-
ry mixed glial cell cultures obtained from newborn
C5TBLJ6 mice by the “shaking ofl” method as described
previously (Suzumura et al. 1987). In brief, after the
meninges were carefully removed under microscope, the
brains were dissociated by passing it through a 258-
pm-pore nylon mesh. The cell suspension was washed
twice with Hank’s balanced salt solution, triturated and
placed in 75-cm” culture flasks at a density equivalent of
two brains per flask in 10 ml DMEM supplemented with
10% FBS, 0.2% glucose and 5 wg/ml bovine insulin. On
the |4th day, the mixed glial cell cultures were put into
Bio Shaker (TAITEC, BR-43FM. Koshigaya), and were
shaken at 37°C. 150 rpm for 3 hrs. The medium was col-
lected, centrifuged, and the harvested cells were incubat-
ed at 37°C, 5% CO, for 30 min. The mmached cells were
harvested by cell scraper. The morphological change
was observed under an Olympus IX70 microscope
(Olympus, Tokyo) and recorded with a Nikon digital
camera DXM1200F (Nikon, Tokyo). The purity of cul-
tured microglia was 97-100% as determined by indirect
immunofluorescence staining with antibody to Ibal.

The microglial cell line Ra2 cells established from
neonatal C57BL/6] (H-2") mice using a non-enzymatic
and non-virus-transformed procedure (Sawada et al.
1998) were kindly provided by Dr. Sawada (Department
of Brain Function, Research Institute of Environmental
Medicine, Nagoya University, Nagoya). Ra2 cells prolif-
erated in the same culture medium as primary microglia
supplemented with | ng/ml GM-CSF. Before experi-
ment. the Ra2 cells were cultured without GM-CSF for
16 hrs.

Preparation and culture of bone marrow-derived macro-
phages (BMM)

12-week-old female C5TBL/6 wild type mice were
used in this experiment This experiment was performed
under the guidelines for Animal Experiments of National
Center for Genatrics and Gerontology and approval of
the institute’s ethical committee for animal experiment.
8 mice were randomly divided into two groups. One
group (experimental group, n = 4) was given drinking
water containing 100 mg/ml of JTT. The dose was deter-
mined according to our previous study (Hara et al.
unpublished). The drinking water was prepared by the
similar protocol with the preparation of JTT mixwre cul-
ture medium mentioned above. Since 20% of JTT was
removed by the procedure of sedimentation during the
preparation and each animal consumed 3 ml of the drink-
ing water per day, the average consumption of JTT was
estimated as 250 mg/day/caput. If animals spill over
about 20% of drinking water, this is about 100 times
higher than the dosage for human use. The other group
{control group, n = 4) was given plain drinking water.
After 21 days, isolation of BMM was performed by a
modified method published by Takahashi and collabora-
tors (Takahashi et al. 2007). In detail, the mice were sac-
rificed by decapitation and bone marrow cells were
freshly flushed from the medullary cavities of the femurs
and tibias with a 25 ga needle, and then filtered through a
40 um nylon mesh. Removal of erythrocytes was per-
formed by lysis with hypotonic solution, followed by
washing twice with Dulbecco’s PBS containing 2% FBS.
The cells were then resuspended in DMEM containing
10% FBS and 10 ng/ml M-CSF in 75-cm” culture flasks.
After 24 hrs, non-adherent cells were collected and
re-sceded in fresh 75-cm” culture flasks. Medium was
changed every three days, and BMM were collected for
fAf o-phagocytosis assay after 12 - |3 days. The purity
of BMM was more than 95% as determined by indirect
immunofluorescence staining with antibody to Thal.

Cell proliferation (WST-1) assay

Primary microglia at a density of 2 x 10° cells/well
were plated onto a 96-well microtiter plate. Different
concentrations of JTT (10, 50, 100, 200, 400 and 600
pg/ml) or LPS (0.1 ug/ml) as positive control were added
to the culture medium for 48 hrs. Cell proliferation assay
was determined by the PreMix WST-1 cell proliferation
assay system (TaKaRa, Tokyo). This assay bases on the
cleavage of 1etrazolium salts which were added into the
medium. These teterazolium salts are cleaved to forma-
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zan dye by succinate-tetrazolium reductase, which exists
in the mitochondrial respiratory chain and is active only
in viable cells. At the end of the experiments, 10 gl/well
PreMix WST-| reagent was added followed by incubat-
ing at 37°C, 5% CO: for 4 hrs. The absorbance at the
wavelength of 450 nm was measured by a microplate
reader (model 550, Bio-Rad Laboratories, Hercules, CA,
USA).

Flow cytometric assay

Ra2 cells were treated with different concentrations
of ITT (200 and 400 gg/ml) or LPS (0.1 pg/ml) for 48
hrs. The cells were detached and single cell suspensions
were made in fluorescence activated cell sorting (FACS)
buffer consisting of Dulbecco’s PBS containing 4% FBS
and 0.1% sodium azide. The cells were then incubated
with FITC-conjugated rat anti-mouse CD11b monoclonal
antibody for cell surface staining at 4°C for 30 min.
After washed twice with FACS buffer to remove the anti-
hody completely, the samples were examined by
FACSCalibur flow cytometer (BD, Franklin Lakes, NJ.
USA) and analyzed using the Cellquest™ software (BD
immunocytometry system, CA, USA).

Immunoffuorescence staining for fAB.-phagocytosis assay

Both primary microglia in vitro pre-treated with
different concentrations of JTT (100, 200, 400 or 600
ug/ml) Tor 24 hrs or pre-treated with 200 gug/ml JTT for
different ume periods (12, 24 or 48 hrs) and BMM from
two groups which were in vivo pre-administrated with or
without 100 mg/ml JTT were used for {AS.-phagocyto-
sis assay. Al the end of each treatment, the culture medi-
um was changed and fAf,; was added to a final concen-
tration of 1 uM, followed by incubation for further 3 hrs.
After fixation with 4% paraformaldehyde at 4°C for 15
min, the cells were blocked and permeabilized with PBS
containing 5% normal donkey serum, 0.5% bovine serum
albumin and 0.2% Triton X-100 at room temperature for
I h. Microglia or BMM were then stained with anti-Tha
antibody (1 : 250) or anti-LAMP-2 antibody (1:250),
and fAS,; was stained with 4G8 antibody (1:500) at 4°C
overnight. After 3-time washes with PBS, specific bind-
ing was detected using secondary antibodies: Alexa
488-conjugated donkey anti-rabbit gl and Alexa
594-conjugated donkey anti-mouse IgG (Molecular
Probes, Eugene, OR, USA). After washing, the fluores-
cence was observed by an Olympus IX70 microscope
equipped with appropriate filters. The fAf,-phagocy-
tosed microglia in each group were counted in at least

three randomly chosen areas containing more than 200
Ibal or LAMP-2 positive cells under fluorescence micro-
scope as the total cell numbers. When stained with anti-
Thal antibody, the numbers of microglia containing en-
gulfed fAB,; were determined by counting cells with
Alexa 5% internalization around nuclei other than on the
cell surface. When stained with anti-LLAMP-2 antibody.
the numbers of microglia containing engulfed fAS.; were
determined by counting cells with the colocalization of
Alexa 488 and Alexa 594 fluorescence. The percentages
of fAf~phagocytosed microglia pre-treated with differ-
ent concentrations of JTT were shown as means and
standard deviation (5.n.) from three independent experi-
ments with [bal and 4G8 staining and one experiment
with LAMP-2 and 4G8 staining. While the percentages
of fAg-phagocytosed microglia pre-treated with 200
pg/ml JTT for different time periods were shown as
means und SD from three independent expeni with
Ibal and 4G8 stuining. The percentages of FAS-phago-
cytosed BMM were analyzed similarly from four mice
per group with Tbal and 4G8 staining.

Nitric oxide (NQ) quamtificarion

The Griess reaction is extensively used as an indica-
tor of NO production by cultured cells. Primary microg-
lia were plated on 48-well culture plates at | x 10° cells/
well, and treated with or without 200 gg/ml JTT for 24
hrs. Afterwards, the culture medium was changed with
or without 10 M fAg,; for another 24 hrs incubation.
The media collected were centrifuged and the cell-free
supernatants were then quantitatively determined for
total NO production using a total NO assay kit (Endogen,
Pierce Biotechnology, Rockford, TL, USA). The assay
was carried oul according to the manufacturer s protocol.

Staristical analyses

All results were expressed as means = s.p.  The
statistical significance of differences was determined by
two-tailed Student’s r-test or analysis of variance
(ANOVA) followed by the post-hoc multiple compari-
son.

ResurTs

Effects of JTT on the morphological change of
microglial activation

The effect of JTT on microglial activation
was first revealed by observing prominent mor-
phological changes of primary microglia treated
with JTT under the phase contrast microscope. It
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Fig. |

JTT changed the morphological appearance of primary microglia. Primary microglia were

cultured for 24 hrs in (A) unstimulated condition, (B) LPS (0.1 gg/ml), (C) JTT (100 gg/ml), (D)
JTT (200 geg/mly, and (E) JTT (400 gg/ml) and observed under the phase contrast microscope. The
arrows show some of the activated microglia with amoeboid morphology. Scale bar. 50 ym

is well known that resting microglia adopt a char-
acteristic highly ramified and clongated morpho-
logical appearance with small cell bodies, while
activated microglia undergo dramatic morphologi-
cal changes showing amoeboid morphology with
large cell bodies and shon processes (Kreutzberg
1996). When we treated primary microglia with
dilferent concentrations of JTT or LPS for 24 hrs,
we observed that they showed obvious activated
morphological appearance, particularly in 200 and
400 geg/ml JTT-treated groups (Fig. 1),

Effect of JTT on microglial proliferation and
viability

To investigate the possible role of JTT in the
proliferation and activation of microglia. next we
examined whether JTT could sustain the cell
proliferation of primary microglia by the WST-1
assay. As expected. JTT increased microglial
proliferation and viability in a slightly dose-
dependent fashion. Compared with LPS, JTT
showed similar or more promoting effects on
microglial proliferation and viability (Fig. 2).
From this result and the above morphological
change result, we chose the concentrations of 200
and 400 gg/ml for some of the following experi-
ments.

Absorbance 450nm

Fig. 2
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JTT induced cell proliferution of primary
microglia by the WST-1 cell proliteration
assay. Primary microglia were seeded at a
density of 2 x 10" cells/well in a 96-well
microtiter plate as described in the Materials
and Methods. After treaument with different
concentrations of JTT as well as LPS as a posi-
tive control tor 48 hrs, the cultures were added
with the WST-1 reagent followed by 4 hrs
incubation, and then the absorbance at 450 nm
was measured. Mean = s.p. values from a
single experiment were obtuined in triplicate
Similar results were obtained in two separate
experiments. *p < 0.0 vs control group
(unstimulated condition) analyzed by Dunnett's
lest in ANOVA
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Effect of JTT on the surface expression of
CDIlb

The flow cytometric assay was used to check
the expression of surface marker CDIIb on
microglial cell line Ra2, which indicates the acti-
vation of microghia. Ra2 cells have been con-
firmed 1o have similar properties to primary
microglia, and have been generally used as the
substitutes of primary microglia in experimental
research (Tto e al. 2003, 2006; Laquintana et al.
2007. Roepstorff et al. 2007). Ra2 cells were
used in the flow cytometric assay because they
showed casily-detached property after treatment
than primary microglia. So Ra2 cells were more
suitable for this assay in order o obtain more
creditable results. Two peaks were obtained

apparently in every treated group but not in an
unstimulated condition after either 24 or 48 hrs
treatment, indicating that the latter peak should be
formed by activated cells (M), After 24 hrs
treatment with JTT or LPS, the percentage of acti-
vated cell numher and their mean fluorescence
intensity (mFl) were both increased compared 1o
the negative control group, but there was no sig-
nificant difference (data not shown). However,
after 48 hrs treatment, there was significant differ-
ence when the above two indexes were analyzed,
while there was no difference between the 200
and 400 gg/ml JTT treatment groups (Fig. 3).
JTT increased the cell number percentage and
mFl of M1 by about 50% and 170%, respectively.
relative to the negative control. These results
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Fig. 3. JTT increased the surface expression of CD11b. Ra2 microglial cells were treated with 200, 400
pg/ml JTT or 0.1 gg/ml LPS for 48 hrs as described in the Materials and Methods, After gently
detached, Ra2 cells were siained with FITC-conjugated anti-CD11b antibody for the FACS analy-
sis. (A) Overlay of flow cytometry histograms of untreated cells without staining (gray linel,
untreated cells as control (black line), 200 pg/ml JTT-treated cells (red line). 400 gg/ml JTT-treated
cells (yellow line) and LPS-treated cells (green line). M1, which referred to the second peak, repre-
sents the activated cells whose CDI b expression was increased. (B) The cell number percentage
of M1 in cach group. (C) Mean fluorescence intensity of M1 in cach group. Mean + S.p. values
from a single experiment were performed in triplicate. Similar results were obtained in two inde-
pendent experiments. *p < 0.01 vs control group analyzed by Dunnett’s test in ANOVA.
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confirmed that JTT could induce the surface
cxpression of an activation marker CDIIb on
microglia, but it might take at least 48 hrs 10 show
this effect

Effect of JTT on Microglial Phagocytosis of

JAB

Since the above findings confirmed that JTT
could induce the proliferation and activation of
microglia, we next examined whether JITT could
enhance microglial phagocytosis of TAfB,. We
could see that JTT did enhance the microglial
phagocytosis of TA8; obviously after 24 hrs treat-
ment when the concentration of JTT was higher
than 200 g g/ml. but did not show a concentration-
dependent fashion (Fig. 4E). The 200 gg/ml JTT-
treated group got the highest percentage of phago-
cytosed cells of 60.5 £ 5. 4%, which is higher than

Fig. 4. JTT enhanced the phagocytosis of [Affe in primary microgha. Pnmary microgha were treated
with JTT or LPS. Then the culture medium was changed and | M tAS,; was added for further 3
hrs incubation followed by immunofluorescence double staining as described in the Materials and
Methods. (A-D) The cells were stained with antibodies directed against Ibal and 4GS, and then

with Alexa 488 (green) and Alexa 594 (red)-conjugated secondary antibodies, respectively. Under
fluorescence microscope, colocalization of microglia and fAf,: was shown by yellow color as a

the negative control (33.7 £ 4.4% ) and the LPS
positive control (46.9 £ 2.3%) by 26.8 + 1.3% and
13.6 £ 6.2%. respectively. To examine whether
the effect of JTT showed time-dependent fashion,
200 geg/ml JTT was used to treat primary microg-
lia for different time periods. The 24 hrs treat-
ment group showed the highest percentage of
phagocytosed cells of 604 £ 4.4%. No evident
time-dependent fashion was seen as shown in Fig.
4k

Effect of JTT on BMM phagocyiosis of fAf 5
The fAB,; phagocytosis was also investigat-
ed in BMM in this study. The BMM from the two
groups (four mice cach) which had been pre-
administrated with or without JTT were cultured
for 12 - 13 days as described above, and then their
ability of A4 phagocytosis was examined using

n
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result of superimposing Auorescence images of microgha (green) and fA#: (red). (A) Control
(unstimulated condition, 24 hrs). (B) JTT (200 gg/ml, 24 hrs). (C) JTT (400 gg/ml. 24 hrs). (D)
LPS (0.1 geg/ml. 24 hrs). (E) Microglia were treated with different concentrations of JTT or LPS for
24 hrs. Percentages of phagocytosed cells were counted. Mean £ 5.0, values were obtained from
three separate experiments with Ibal and 4G8 staining and one experiment with LAMP-2 and 408
staining (figure not shown). (F) Microglia were treated with 200 gg/ml JTT for distinet ime pen

ods (12, 24, 48 hrs) or 0.1 gg/ml LPS for 24 hrs

Percentages ol phagocylosed cells were counted

(figure not shown). Mean # s.p. values were obtained from three separate experiments with Thal

and 468 staining.  Scale bars represent 50 gm

test in ANOVA

*p < 0.01 vs control group analyzed by Dunnett’s
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Fig. 5. JTT enhanced the phagocytosis of TAf,; in BMM. BMM were obtained from mice with or with-
out ITT administration and cultured (or about 2 weeks, Then the culture medium was changed and
| uM TAf was added for further 3 hrs incubation followed by immunofluorescence double stain-
ing as described in the Matenals and Methods. (A-B) The cells were stained with antibodies direct-
ed against Ibal and 4GK, and then with Alexa 488 (green) and Alexa 594 (red)-conjugated second-
ary antibodies. respectively. Under fluorescence microscope, colocalization of BMM and fAS . was
shown by yellow color as a result of superimposing fluorescence images of BMM (green) and (A
(red). (A) Control group (without JTT administration), (B) JTT administration group, (C) Percent-
ages of phagocytosed cells. Mean + 5.0, values were obtained from four mice. Scale bars represent
50 pm. #p < 0,05 vs control group analyzed by two-tailed Student’s £ test

immunofluorescence double staining according to
the same protocol mentioned above, As shown in
Fig. 5, some BMM from JTT-administrated mice
showed larger cell bodies and stronger signal of
Ibal staining (Fig. 5B) compared to the control
group (Fig. 5A). as well as the higher percentage
of fAf3;-phagocytosed cells (31.6 £3.3% vs 21.6
+ 5.2%, respectively, p <0.05) (Fig. 5C).

Effect of JTT on NO production in primary
microglia

The effect of JTT treatment on NO produc-
tion in primary microglia was investigated by the
The ratio of NO production to
the contral group was shown in Fig, 6. Twenty
hundred gg/ml JTT was used to treat primary
microglia. It slightly increased NO production
but no statistical difference compared 1o the con-
trol group (p = 0.396). but LPS or 10 uM FAS.;
did increase (p = 0.000 and 0.008, respectively)
And between the JTT and LPS groups, there was
also significant difference (p = 0.002), In the
presence of 10 uM tAS. although ITT treatment
did not reduce the NO production, at least it did
not increase the NO production ( p = (0.396).

Grriess reaction,

DIscUssION
Microglia represent the brain innate immune
system and hence the first line of defense against

Ratio of NO
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6. JTT did not increase the production of NO
in pnmary microglia. Primary microglia were
treated with 200 gg/ml ITT or 0.1 gg/ml LPS
for the first 24 hrs, then the culture was contin-
ued with or without 10 uM fAS; for another
24 hrs. The supernatants were ohtained and
their contents of NO were measured by the
Griess reaction us described in the Materials
and Methods. The ratios of NO production of
each group to the control group (unireated con-
dition) were shown
obtained from a single esperiment in tniplicate
Similar results were obtained in two separate
experiments. *p < 0.0] analyzed by leasi
sigmificant difference test in ANOVA. NS, not
signthcant

Mean £ <0 values were
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invading pathogens and serve as specialized
sensors for brain tissue injury (Streit et al. 2005;
Conde and Streit 2006). Under pathological
situations, such as neurodegenerative discase,
microglia become activated, migrate to and sur-
round damaged or dead cells, and subsequently
clear cellular debris from the area, similar to the
phagocytic active macrophages of the peripheral
immune system (Fetler and Amigorena 2005). At
the same time, activated microglia are also
revealed to produce NO and some kinds of pro-
inflammatory cytokines, which are considered to
enhance the inflammation and exacerbate the dis-
cases. There is considerable debate as o whether
activated microglia are beneficial or harmful in
AD. This may, however depend on the degree of
activation. Nowadays, many researchers focused
on how to inhibit microglial activation to restrain
the inflammation. But it should also be noted that
activated microglia are able to reduce Af accu-
mulation by increasing its phagocytosis, clearance
and degradation (Frautschy et al. 1998; Qiu ct al.
1998; Yan ct al. 2003). While an exaggerated
immune response can certainly be detrimental 10
the CNS. increasing evidence demonstrates that a
controlled inflammatory reaction in the brain can
be greatly beneficial to the health and proper
function of the CNS. So in the present study, we
attempted to search a way through which we can
make a controlled activation of microglia.
Among more than one hundred kinds of
herbal medicines, JTT is well known to enhance
the immunological functions (Matsumoto et al.
2000). Nowadays, since its anti-cancer effects
(Dai et al. 2001:; Tagami et al. 2004) and suppres-
sive effects on toxicity of anti-cancer drugs
(Sugiyama et al, 1995a, b) were confirmed, ITT is
often clinically used for the treatment of cancer
patients. And JTT has also been demonstrated 1o
have influence not only on the acquired immune
system but also the innate immune response relat-
ed with macrophages (Chino et al. 2005). In the
neurological diseases, AD has been demonstrated
1o be highly related with immune response and
inflammation. Preliminary results from in vivo
experiment in our laboratory supported that JTT
administration diminished the senile plaques in

AD transgenic mouse (Hara et al. unpublished
observation). These findings prompted us to clar-
ify the possible mechanism of the diminishing of
senile plaques in order 10 search a new possible
therapeutic way for AD.

First, we treated naive primary microglia
with different concentrations of JTT, a dramatic
morphological change from resting ramified cells
to amoeboid microglia was observed, as well as
decreased refraction and betier adherent property,
obviously in 200 and 400 gg/ml groups. This
finding encouraged us to detect whether JTT acti-
vated microglia definitely.

Then the fact that JTT did activate microglia
was demonstrated by the WST-1 cell proliferation
assay and flow cytometric assay to check the sur-
face expression of an activation marker CDI[b.
From the cell proliferation assay. JTT increased
microglial proliferation and viability even though
at a low concentration (10 yg/ml) with a slight
concentration-dependent fashion. In the flow
cytometric analysis, CD11b, a well-known activa-
tion marker of microglia/macrophages. was used.
As expected, two peaks appeared obviously, simi-
lar with the LPS-treated group. indicating that the
second peak represented the activated cells.
These findings revealed that the Kampo formula-
tion JTT could induce microglial proliferation and
activation.

Then, important in our experiment was the
phagocytosis-enhancing effect of JTT. There are
very limited reports aboul phagocytosis-enhanc-
ing effects using crude extracts or oral administra-
tion of herbal medicine. According to the previ-
ous report (Liu et al. 2005), phagocytosis might
be dissociated from inflammatory microglial
activation in relation 1o the AD stage. So in the
fAfB-phagocyiosis assay, we chose a low (1 uM)
fAB4; concentration. Although 100 gg/ml JTT
induced microglial proliferation, it showed no
significant effect on fAS-phagocytosis (p =
0.171); while 200 gg/ml JTT treatment increased
the percentage of phagocytosed cells by about
80% compared to the unstimulated group, indicat-
ing that to show phagocytosis-enhancing effect, a
relatively higher concentration was nceded than
1o induce microglial proliferation. This concen-



52 H. Liv et al.

tration of 200 ug/ml in in vitro experiments was
consistent with the dosage for human use and the
previous reports about the in vitro studies of JTT
(Hisha et al. 1997, Kamiyama et al. 2005).
Although 12 hrs treatment was enough 1o enhance
the phagocytosis, no time-dependent fashion was
detected. In recent studies, more atlention was
paid on the effect of bone marrow-derived
microglia on restricting senile plaque formation
(Malm et al. 2005; Simard et al. 2006). In this
study. using M-CSF. we induced the bone marrow
stem cells or myeloid progenitor cells to differen-
tiate to macrophages. and we found that orally
administrated JTT could also enhance the phago-
cytosis of fAf,; in BMM. However, we used a
dose of 100 mg/ml according to our previous pro-
tocol. As mentioned above, this is much higher
than the dosage for human use. Although animals
were tolerated well with the dose, we need to
repeat the experiment with lower doses.

Activated microglia can produce NO and
other pro-inflammatory cytokines. most of which
are considered to be detrimental to neurons, and
play an important role in the pathogenesis of AD.
Excessive production of NO can mediate oxida-
tive stress as well as amplify inflammation cas-
cade reactions. Here we examined the NO pro-
duction as a representative index. In this assay, a
relatively higher (10 M) fAf; concentration was
used. First. JTT treatment did not increase the
NO production, but LPS and A8, did. Seccond,
in the presence of fAS, although JTT pre-treat-
ment did not reduce the NO production, at least it
did not increase NO. This finding and the above
results indicated that with proper concentrations
and time periods of treatment. JTT might induce
activation and mediate phagocytosis without elic-
iting excessive production of neurotoxic NO in
microglia/macrophages.

In summary, the results of this study demon-
strated that Kampo formulation JTT could induce
microglial proliferation and activation, and also
enhance fAf.-phagocytosis in microglia and
BMM without excessive NO production. To our
knowledge, this is the first report indicating that
JTT has enhancing effect of fAB,-phagocytosis
on microglia/macrophages. These findings sup-

port our previous finding that JTT administration
diminished the senile plague in AD transgenic
mouse. which might be due to the enhanced
phagocytosis of Af by microglia, and the phago-
cylosis-enhancing effect of JTT might not be
accompanied by excessive inflammatoty media-
tors’ production. This is also consistent with the
previous reports showing the anti-inflammatory
and anti-oxidative activities of the components of
JTT (Lee et al. 2003; Matsui et al. 2004). These
findings suggest that JTT administration would be
a potential therapeutic or preventive approach for
AD. Further intensive study should be performed
in order to evaluate its therapeutic effect by in
vivo study and to clucidate the underline mecha-
nism in detail.
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Adenovirus serotype 35 (Ad35) vectors have shown prom-
ise as effective gene delivery vehicles. However, the trans-
duction profiles of Ad35 vectors in conventional mice allow
only a limited estimation of transduction properties of
these vectors, because the mouse analog of the subgroup
B Ad receptor, CD46, is restricted to the testis. In order to
assess the transduction properties of Ad35 vectors more
completely, we performed transduction experiments using
cynomolgus monkeys, which ubiquitously express CD46
in a pattern similar to that in humans. /n vitro transduc-
tion experiments demonstrated that cultured cells from
the cynomolgus monkey were efficiently transduced with
Ad35 vectors. In contrast, after intravenous administration
into live monkeys hardly any evidence of Ad35 vector-
mediated transduction was found in any of the organs,
although Ad35 vector genomes were detected in various
organs. Less severe histopathological abnormalities were
found in the Ad35 vector-infused monkeys than in the
conventional AdS vector-injected monkeys. In the latter,
serious tissue damage and inflammatory responses, such
as hepatocyte necrosis and lymphatic hyperplasia in the
colon, were induced. Both Ad35 and AdS vectors caused
similar hematological changes (increase in CD3* cells, and
decrease in CD16* cells and CD20* cells) in peripheral
blood celis. These results should provide valuable informa-
tion for the clinical application of Ad35 vectors.

Recerved 15 September 2007, accepled 16 fanuary 2007; advance
online publication |1 March 2008. doi:10.1038/mi.2008.19

INTRODUCTION

Human adenoviruses (Ads) are nonenveloped, double-stranded
DNA viruses that are composed of 51 serotypes.” Among the 51
serotypes, the conventional Ad vectors that are most widely used,
including for human clinical trials, are constructed based on the sub-
group C Ad serotype 5 (Ad5). AdS vectors have several advantages
as gene delivery vehicles, but clinical and preclinical studies have
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revealed three major disadvantages of AdS vectors, First, target cells
that are important for gene therapy. including malignant tumor
cells and dendritic cells, express nil or insufficient levels of a cel-
lular receptor for AdS, the coxsackievirus-adenovirus receptor. The
transduction efficiencies of Ad5 vectors depend to a large extent on
the expression levels of coxsackievirus-adenovirus receptor, leading
to refractoriness of coxsackievirus-adenovirus receptor-negative
cells to AdS vectors.” Second, >50% of adults are seropositive for
Ad3 because natural infection with Ad5 is common.* Pre-existing
anti-Ad5 antibodies not only largely inhibit AdS vector-mediated
transduction, but may also enhance the toxicities induced by Ad5
vectors.” Third, inflammatory responses are systemically and rap-
idly induced by intravascular administration of Ad5 vectors, lead-
ing to tissue damage, and this can be fatal to the host,”

In order 10 address these problems, we us well as others have
developed a replication-incompetent subgroup B Ad serotype 35
(Ad35) vector.'" " Ad35 vectors utilize human CIDM6 as a cellular
receptor.™” Human CD46 15 ubiquitously expressed on almost all
humin cells, leading to a wide tropism of Ad35 vectors, In addition,
pre-existing anti-Ad> immunity does not hamper Ad35 vector
mediated transduction, and seroprevalence for Ad35 is much lower
than that for AdS (refs. 13,14). Ad35 vectors have properties that
make them very promising prospects for use as transduction vehi-
cles, but the transduction efficiencies of Ad35 vectors in conven-
tional mice are lower than those of Ad5 vectors.""' Conventional
mice seem inappropriate as animal models for Ad35 vectors because
mouse CI46 is expressed only in the testis.” In addition. there is
low homology between human CP46 and mouse CD46. We con-
sidered that transduction experiments with Ad35 vectors should be
performed using nonhuman primates so as to properly evaluate the
transduction propertics of Ad35 vectors, The CD46 of nonhuman
primates is ublquitously expressed in a similar pattern to humans,
and shows high homology to human CD46."

In this study, we examined the transduction profiles of Ad35
vectors after intravenous administration into nonhuman pri-
mates, f.e., cynomolgus monkevs. Ad35 vector-induced immune
responses and the blood concentrations of Ad35 vectors were
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Hogure 1 In vitro tramsduction elficiencies of Ad3S and AQS vectors in
cultured cells of cynomalgus monkey, Luciferase production in pamary
lung and kidney cells lollowing Ad vector transduction. Primary lung and
kidney cells isolated from cynomalgus macague embryos were transduced
with Ad35L or AdSL at 300 (open bar) and 3,000 vector partiches/cell
(closed bar) for 1.5 hours. Alter a 48-hour culture, luciferase production in
the cells was measured by luminescence assay. The data are expressed as
the mean values = 5D (n = 4), Luciterase expression in the mock-infected
cells was less than the detectable level, Ad, adenovirus

analyzed for 4 days after the injection. Necropsy was performed
4 days after the injection to examine the transduction efficien-
cies, tissue accumulations of Ad35 vectors, and histopathological
changes in the organs after injection.

RESULTS

In vitro transduction in cultured cynomolgus

monkey cells

First, to examine whether cynomolgus monkey cells were suscep-
tible to Ad35 vectors, primary lung and kidney cells isolated from
embryonic cynomolgus monkeys were transduced with a firelly
luciferase-expressing Ad3S vector (Ad3SL) and & conventional
Ad5 vector (Ad5L). Both Ad35L and Ad5L vectors were shown
to mediate efficient transduction in the cells from both organs
(Figure 1). Ad35 vectors also efliciently transduced the cynomol

gus monkey T-cell line HSC-F (Supplementary Figure 51). These
results indicate that cynomolgus monkey cells are susceptible to
Ad35 vectors. However, peripheral blood mononuclear cells of
cynomolgus monkeys were almost refractory to Ad3S vectors
{data not shown).

Blood clearance of Ad vectors

Next, the six cynomolgus monkeys (designated #1-26) were
administered either & f-galactosidase-expressing  Ad35 wvector
(AdISLacZ) or an AdS vector (Ad5SLacZ) through the femoral
vein (Supplementary Table S1). The blood clearances of the Ad
vectors were examined using a quantitative real-time polymerase
chain reaction. Both Ad35LacZ and Ad5LacZ vectors were rapidly
cleared from the blood circulation within 24 hours after the injec-
tion (Figure 2a and b). We did not find any apparent differences
between the blood-clearance kinetics of Ad35LacZ and Ad5LacZ.
Assuming that the entire Ad vector DNA in the blood was com

pletely recovered from the blood samples, there would remain
0.12% and 0.09% of the injected Ad35LacZ in the blood of monkey
#6 at 3 and 6 hours after injection. respectively. The lower levels of
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ol adenovirsl (Ad) wectorns in the blood ol
mpnkeys following systemic administration. (e) Ad vec-
tor DNA concentrations in the blood after intravenous administration.
Cynomolgus monkeys were intravencusly infused with Ad3sLac? or
AdSLacZ at low (0.4 « 10" vector particles (VP)/kg), intermediate (1.0 «
10°"VP/kg), or high (2 = 10"VP/kg) doses. Blood was collected at the
indicated time paints alter injection (3, 6, 24, 48, 72, and 96 hours after
injection). Total DNA, including Ad vector DNA, was isolated Irom Lhe
blood, and the Ad vector DNA contents were measured using quantita-
tive TagMan polymerase chain reaction (PCR) assay. The concentrations
of the Ad vectors in the blood at the 2ero time point were calculated based
on the total number of Ad veclos particles infused and the estimated
circulating blood volume (65mi/kg). Ad vecior DNA was not detected
in the blood before injection, (b) Percentages of blood cell-associated
Ad3Slacl remaining in the blood after systemic administration in cyno-
molgus monkeys. After isolating the blood as described, blood cells were
washed twice with phosphate-buffered saline buffer and the amounts of
Ad35LacZ associated with blood cells were evaluated using TagMan PCR
as described eardier. The percenlages were calculated as follows: 100 =
(the amounts of Ad35 vector DNA associated with blood cells)/(the
amounts of Ad35 vector DNA recovered from whole blood).

Ad35LacZ remaining in the blood of monkeys 23 and #6 than those
in monkeys #4 and #5 might have been partly because of the low
infectious titer-to-particle ratio of the vector batch of Ad35LacZ
injected into monkeys #3 and #6. The infectious titer to-particle
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Haure 1 In vive tisaue distributions of adendvirel (Ad) vector DNA
in cynomaolgus monkeys |fnr &ysle mic adminislration. Ad3SLacZ or
Ad5Lac was wsly ad d Into cynomolgus monkeys as

described for Figure 2. Four days atter the injection, necropsy was per-
formed, and Ad vector DNA ¢ WErE T d using quar
TagMan polymerase chain reaction analysis. The Ad vector DNA was not
detected in the organs of mock-infected animals,

ritio of the Ad35LacZ used in monkeys #3 and 26 was lower than
that used in monkeys #4 and #5 (data not shown). Noninfectious
Ad particles might be more easily degraded in the blood or taken
up by phagocytic cells.

Further, we examined whether the Ad35 vectors were assovi-
ated with blood cells in the blood stream after the injection. The
majority of Ad35LacZ remaining in the blood was associated with
blood cells at all the time points (Figure 2¢). Similarly, assum-
ing the complete recovery of the Ad vector DNA as described
earlier, 1.5% of the injected Ad35LacZ would be assaciated with
blood cells in monkey #5 at 3 hours after the injection. The levels
of Ad35LacZ associated with blood cells remained constant dur-
ing the study. These results suggest that Ad35 vectors may bind (o
blood cells, or be taken up by blood cells after the injection.

Tissue distribution of Ad vectors

In order to examine the biodistribution of Ad35 and Ad5 vectors
in cynomolgus monkeys after intravenous administration, Ad
DNA contents in the organs were assessed (Figure 3), The Ad35
vector DNA was mainly found in the liver. lung, and kidney;
however, the levels of Ad35 vector DNA were one to five orders
ol magnitude lower in almost all organs than the levels of Ad5
vector DNA, which was found mainly in the liver and spleen.
Ad35LacZ was also less efficiently accumulated in the organs
that exhibited low levels of AdSLacZ accumulation, such as the
thymus and testis.

Ad vector-mediated transgene expression in organs

In order 0 evaluate the in vive transduction efficiencies of
Ad35 and AdS vectors, f-galactosidase expression in the organs
was examined. AdSLacZ efficiently transduced the organs
(Figure 4a). The highest level of f-galactosidase production was
found in the liver. tollowed by the spleen. Liver parenchymal
cells and spleen marginal zone cells were mainly transduced by
Ad5LacZ in these organs (Figure 4b). On the other hand, Ad35
vector-mediated - galactosidase expression in the organs at all
doses was approximately equal to. or slightly above, the levels in
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Figure 4 Adenoviral (Ad) vector-mediated Iramgene  expression
m cynomolgus monkeys alter systemic administration. (a) Chem-
lurminescence analysis of f-galaclosidase production in cynomolgus
maonkeys after systemic administration of Ad35LacZ or AdSLacZ. Ad3SLacl
of Ad5LacZ was intravenously Injected into cynomolgus monkeys as
described for Flgure 2 Four days after injection, the organs were col-
lected, and f-galactosidase production in the organs was assessed using a
chemiluminescence assay. (b) X-gal staining of tissue sections of cynomal-
qus monkeys receving AdSLac? or Ad15LacZ. Four days after intravenous
administration of Ad35LacZ or AdSLacZ at a high dose (2 « 107 vector
particles/kg), tissues were collected, and X-gal staining was performed as
described in Materlals and Methods. RLU, relative light units,

mock-infected animals. X-gal-positive cells were not found in
the tissue sections of the liver or spleen of the Ad35LacZ- infused
monkeys. These results indicate that Ad35 vectors show much
lower transduction activity than Ad5 vectors after systemic
delivery in cynomaolgus monkeys.

Serum chemistry profiles

Next. we measured the levels of serum biochemical markers o
assess Ad vector-induced tissue/organ damage. Almost all the
markers were increased following Ad vector injection: however,
overall, the markers examined appeared 1o be more elevated in the
maonkeys receiving AdSLacZ than in those receiving Ad35LacZ
(Figure 5a). Aspartate aminotransferase (AST) levels were ele-
vated as early as 3 hours after the injection, and peaked at 24 hours
in most cases. The peak levels of AST in Ad35LacZ-injected mon-
keys #3. 24, 85, and #6 were 6.1-. 4.8-, 8.2- and 3.8-1old higher than
the preinjection levels, respectively. By contrast, AdSLacZ-infused
monkevs (71 and #2) showed 4.9- and 27.5-fold increases in AST
at the peak points, respectively. Significant elevations in alanine
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Figure 5 Blood analysis after adenoviral (Ad) vector administration to cynomalgus monkeys, (a) Serum marker levels, (hjmllammamqtoune
productions, and (c) biood cell counts in the peripheral blood after Ad vector administration. The gray area in the graphs of serum markers and blood
cell counts indicates the normal range for adult cynomolgus monkeys. Ad35LacZ or AdSLacZ was intravenously injected into cynomolgus monkeys
and blood was collected as described for Figure 2. Serum marker levels and blood cell counts were measured using routine methods. Inflammatory
cytokine levels were examined using enzyme-linked immunosorbent assay. ALT, alanine aminotransferase; AST, aspartate aminotransierase; CPK, cre-
atine phosphokinase; CRP, C-reactive protein; IFN-y, interferon-y; IL-6, interleukin-6; LDH, lactate dehydrogenase; ND, not detected (under the limit

of detection); RBC, red blood cell; WBC, white blood cell,

aminotransferase were also found in several of the monkeys, but
the alanine aminotransterase levels were within the normal range
at almost all the time points. Creatine phosphokinase (CPK) levels
sharply rose to a peak 6 or 24 hours after injection. CPK in the
Ad35 vector-injected monkeys #3, #4, #5, and 56 showed 14.2-

9.7-, 163, and 177-lold increases at the peak points. On the
other hand, the Ad5 vecior-injected monkeys #1 and 22 exhibited
16.6- and 40.9-fold ¢levations in CPK at 6 hours after the injec-
tion. Dramatic increases in AST, alanine aminotransferase, and
CPK levels in monkey #2 a1 96 hours after injection was possibly
caused by a slight expression of Ad5 E2 and/or E4 proteins. E4
protein was expressed in the liver 4 days afier injection of con-

ventional Ad vectors in mice, leading to liver damage ™ Levels of

C-reactive protein were also sharply increased in all the Ad vector-
injected animals. A high dose of Ad35LacZ and AdSLacZ caused
29-told (#6) and 56.2-fold (#2) increases in C-reactive protein
levels 24 hours after injection, respectively. Alkaline phosphatase
levels gradually decreased aver the first 96 hours after injection.
Alkaline phosphatase levels at preinjection were higher than the

Inflammatory cytokine induction

In order to examine the innate immune responses after Ad vector
injection, inflammatory cytokine levels in the serum were mea-
sured (Figure 5b). Interleukin-6 (IL-6) was rapidly induced with
a peak at 3 or 6 hours afler the injection in all the animals except
in monkey #1. There were no apparent differences in 1L-6 levels
between Ad35LacZ-treated and AdSLacZ-treated animals. except
that monkey #5 produced an extremely high level of 11-6, The levels
of interferon-y were also elevated and reached a peak at 6 hours
after the injection in monkeys #2, #3, and #5. Tumor necrosis fac

tor-a was not detected in any of the animals (data not shown),

Hematological profiles

In order to evaluate the influence of Ad vector injection on the
hematological profiles, we examined the changes in peripheral
blood cell counts (Figure 5¢). The changes in the levels of red
blood cells and hemoglobin were marginal, but the levels grad-
ually decreased after injection in all the monkeys, including a
mock-infected animal, probably because of the collection of large
vol of blood samples (>5 ml/time point ) every day. Ad35LacZ -

normal range in the monkeys. This is because young cy lgus
monkeys (<4 years of age) often have alkaline phosphatase levels
*LO00TU/L. Apparent increases in lactate dehydrogenase were
found in monkeys #2 and #5. The lactate dehydrogenase levels in
the other animals were within the normal range. There were no
abnormalities in the other parameters. including serum albumin,
glucose, cholesterol, calcium, sodium, potassium, and chloride
(data nol shown)

injected monkeys #3, #4, and #5, and Ad5LacZ -injected monkey
#2 showed a rapid decline in platelet levels beginning at 24 hours
afier the injection. A transient increase in the platelet levels was
found 3 and 6 hours after the injection in monkey #5. It remains
unclear why the plateler levels increased in monkey #5; however,
the previous study also reported an initial increase in the platelet
levels after AdS vector injection in nonhuman primates.”' A rapid
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Figure 6 Profiles of peripheral blood lymphooyte subsets after
systemic adminbiraiion ol adenoviral (Ad) vectors in cynomolgus

munkeys. Ad35LacZ or AdSLacZ was intravenously injected into cyno
molgus monkeys and blood was collected as described for Fligure 2
Peripheral blood mononuclear cells were stained with monoclonal anti
hodies following hemolysis, and fluorescence-activated cell sorting anal-
ysis was performed for evaluation of profiles of ymphocyte subsets

¢levation in the white blood cells was observed in the Ad vector-
injected monkeys. The elevated white hlood cells level returned o
normal at 24 hours after the injection.

Next, we examined which types of blood cells were mcreased
or decreased after Ad vector injection (Figure 6). The Ad vector
injection induced o rapid decline in the percentages of CD16"
cells (natural killer cells, granulocytes, and monocytes). Monkeys
#2 and =3 showed sharp decreases of 71 and 97% of CDI6" cells,
respectively, at 3 hours after the injection. The percentages of
CD207 cells (B cells) quickly dropped in all the monkeys, includ-
ing & mock-infected monkey. In contrast, the CD37™ cell (T-cell)
levels were sharply elevated in the animals receiving the Ad vec-
tors, We tound a 1.1- to 2.3-fold increase in CD3™ cell levels a1 3
hours after the injection. CD8* cells did not increase, but rather
decreased after the injection; however, increases in CD4" cells
were found in the Ad vector-injected monkeys. The CD4* cell
levels were 1.1 to 3.4-fold elevated compared with the preinjec
tion levels, with a peak at 24 hours after the injection, in most
of the animals. The ad ation of Ad vectors also increased
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Figure 7 Histopathological anslysbs of liver, lymphoid nodules in the
colon, and spleen. Representative histological sections of the liver (a, d,
g. j). lymphoid nodules in the colon (b, e, h, k), and spleen (¢, £, L I)
from animais kilied 4 days after systemic injection of a low or high dose
of Ad35Lac? (monkeys #4 and 86) or AdSLacZ (#1 and #2). The arrows
Indicate necrosis of hepatocytes.

CDOYTCDA™ cells (actvated CD4*Y cells) more predominantly
than CD69TCDRT cells, Both CD29TCDM4T cells (memory helper
T cells) and CD29 CD4* cells (naive helper T cells) increased in
the Ad vector-injected animals (data not shown). These results
indicate that, overall, both Ad35 and Ad5 vectors cause similar
changes in hematological profiles after systemic infusion.

Clinical observation and histopathological
examinations

In order to perform a safety assessment of the Ad vectors, the health
condition of the animals was monitored until necropsy. None of the
Ad vector-infused monkeys showed any apparent abnormalities in
appetite. body weight, body temperature, or heart rate. However,
the low dose of Ad35Lac? (#3) induced vomiting 3 hours after the
injection, and a skin rash was observed in monkey 2 on day 2.

In order to further cvaluate the safety profiles of Ad vectors,
organ histopathology was examined during necropsy. There were
no obvious changes in the spleens of monkeys #1 and #3-26, or in
the livers in any of the animals. However. splenomegaly was found
in monkey #2. The whitish nodules at the cut surface of the spleen
in monkey #2 were the largest among those of all the monkeys
examined. Marked swelling of the lymph nodules, especially in
the colon and mesentery, was also found in monkey 2.

Microscopic analysis of tissue sections revealed that no appar-
ent damage and inllammation were found in the liver of monkey
£1 (Figure 7a). Although slight hyperplasia in the spleen white
pulp occurred in this monkey (Figure 7c). no obvious changes
were found in the lymphatic nodules of the colon (Figure 7b). In
contrast, severe damage and inflammation, including necrosis of
hepatocytes (Figure 7d, arrows) and infiltration of lymphocytes
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intothe Glissons sheath (data notshown) were found in monkey #2.
Furthermore, apparent severe hyperplasia in the lymphoid nod-
ules of the colon {Figure 7e) and spleen white pulp (Figure 76
had been induced in monkey £2. On the other hand, the livers
of Ad35LacZ-treated monkeys exhibited almost no damage or
inflammation (Figure 7g and j). In addition, Ad35LacZ induced
hyperplasia in lymphoid nodules of the colon (Figure 7h and k)
was only slightly developed and less serious than that induced by
the high dose of Ad5LacZ. These results suggest that AdS vec-
tors may cause more severe damage and/or inflammation in the
liver and lymphoid nodules of the colon than Ad35 vectors. The
spleen white pulp developed only slight hyperplasta in monkey
#4 (Figure 7i). in contrast. the high dose of Ad35LacZ induced
severe hyperplasia in the spleen white pulp (Figure 71). The level
of hyperplasia in spleen white pulp of monkey #6 appeared to be
slightly more severe than that of monkey #2. The monkeys #3 and
#5 did not show apparent abnormalities in the spleen or colon,
although slight vacuolation in hepatocytes and infiltration of
lymphocytes in the Glisson's sheath was found (data not shown).
Hyperplasia in spleen white pulp and lymphatic follicles in the
mesenteric, axillary, and inguinal lymph nodes (data not shown)
oveurred dose-dependently in the Ad35-injected animals as well
as in the AdS-injected ones,

DISCUSSION

In this study, subgroup B Ad35 vectors were intravenously
infused into cynomolgus monkeys in order 10 evaluate the in vivo
fundamental transduction properties of Ad35 vectors more thor-
oughly, Cynomolgus monkey CD46 and the CD46 of other non-
human primates, have significant homology with human (D46
(ret. 19). In particular, short consensus repeats | and 2 (which are
crucial for Ad35 binding to CD46). * of the CD46 ol the cyno-
molgus monkey show high homology (85%) with those in human
CD46. In addition, we confirmed that the monkey cells used in
this study were highly stained with anti-human CD46 monoclo-
nal antibody M177, which is specific for short consensus repeat
2, and that the antibody M177 significantly inhibited Ad35 vec

tor-mediated transduction in the cynomolgus monkey cells (data
not shown). The amino acid sequences important for Ad35 bind-
ing to CD46 (refs, 23.24) are also well conserved in cynomolgus
monkey CD46. These results indicate that cynomolgus monkey
CIM6 serves as a cellular receptar tor Ad35, at least in the context
al in vitro transduction.

In this study. four and two cynomolgus monkeys were intra-
venously injected with the Ad35 and AdS vectors, respectively.
We must exercise caution in interpreting the results because the
sample size is small. as is natural in nonhuman primate studies.
Overall, there are no dose responses in severd! transduction pro-
files of both Ad35 and Ad5 vectors, including blood concentration
of Ad vectors and inflammatory cytokine production. The varia-
tions in the transduction profiles suggest that these profiles may
depend largely on the specific Ad vector batch and on the differ-
ences between individuals, such as health conditions and genetic
backgrounds, as well as on Ad vector doses, In the clinical trials
using Ad vectors, inflammatory responses were dramatically dif-
ferent between patients receiving the same vector dose.” Gene
therapy studies, both preclinical and clinical, should be performed

with considerable caution in view of these individual differences.
Further studies, including toxicogeomics, would be necessary in
order to clarify which parameters play the most crucial roles in
this entire process of transduction. Such studies would enable
prediction of profiles of Ad vector-mediated transduction, and
associated toxicities.

Although efficient transduction was achieved using Ad35
vectors in vitro, transduction of Ad35 vectors in the organs in vivo
was hardly detectable after systemic infusion (Figure 4) In addi-
tion, the levels of Ad35 vector genome in the organs were one to
five orders lower than those of the Ad5 vector genome (Figure 3),
Previous studies demonstrated that, after systemic injection, Ad35
vectors were poor al transducing CD46-transgenic (CD46TG)
mice, which ubiquitously express human CD46 in all the
organs.”* Chimeric Ad5 vectors containing Ad35 fiber protein
also mediated much lower transgene expression in baboons than
conventional Ad5 vectors did.” These results indicate that Ad35
vectors cannot transduce organs efficiently when introduced into
the blood stream. There are two possible explanations for the poor
transduction activity of Ad35 vectors after systemic administra-
tion. First, Ad35 vectors might be more susceptible than AdS vec-
tors to degradation in the blood or in intracellular compartmenis
such as endosomes/lysosomes after internalization. Fiber-substi-
tuted Ad5 vectors containing a fiber protein of Ad35 remain for
a longer time in late endosomel/lysosomal compartments after
internalization than Ad5 vectors do.” Ad35 vectors might exhibit
similar intracellular trafficking to the fiber-substituted AdS vee
tors, leading 1o high susceptibility to intracellular degradation.
Second. Ad35 vectors might not be able 1o gain access to CD46
after systemic injection. CD46 is predominantly expressed on the
basolateral sides of cells.™ ™ making it inaccessible to Ad35 vec-
tors. Ad35 vectors which are not able to bind to CD46 on the cell
surface would be phagocytosed into phagocytic cells, such as liver
Kupffer cells, leading to degradation.

It is well known that erythrocytes of cynomolgus monkeys
express CD4o (ref. 19) and that Ad35 causes hemagglutination
of monkey ervthrocytes.” Ad35 vectors might induce hemag
glutination in the blood vessels after the injection, and this might
lead to hemolysis and a decrease in the transduction efficiencies
of Ad35 vectors. A large percentage of the Ad35 vectors recov-
ered from the blood after the injection were associated with blood
cells (Figure 2¢). However, lactate dehydrogenase (a marker of
hemolysis) levels in the sera of AdA5LacZ-injected animals at
muost of the time points were within normal levels and comparable
with those in the sera of animals injected with AdSLacZ. which
does not induce hemagglutination of monkey erythrocytes. These
results suggest that hemagglutination by Ad35 vectors would
have, al most, a minimal influence on the transduction profiles of
Ad35 vectors.

As mentioned carlier, CD46TG mice as well as cynomolgus
monkeys were only poorly transduced with Ad35 vectors afier intra-
venous administration, thereby suggesting that the transduction pro-
files of Ad35 vectors in CD46TG mice would correspond to those in
primates and that CD46TG mice might be suitable as a small animal
model for the study of Ad35 vectors, The profiles of inflammatory
cytokine production by Ad3S vectors in cynomolgus monkeys were
also approximately similar to those in CDM46TG mice. Intravenous
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infusion of Ad35 vectors resulted in levels of intflammatory cyto-
kine production comparable to those induced by AdS vectors in the
monkeys (Figure 5b) as well as in CD46TG mice.”

Histopathological analysis demonstrated that tissue damage
and intlammatory responses, including hepatocyte necrosis, were
less severe in all the Ad35 vector-infused monkeys than in the
AdS vector-injected ones (Figure 7). Previous studies also demon-
strated that Ad35 vectors are less immunogenic than Ad3 vectors
in mice,”""* and this may result in the higher safety profiles of Ad35
vectors as compared to AdS vectors. It remains o be elucidated
why Ad35 vectors produce less severe side effects than AdS vec
tors. Ad5 vectors were more widely distributed in most organs than
Ad35 vectors, suggesting that Ad5 vectors may cause tissue dam-
age and inflammatory responses throughout the whole body. On
the other hand, Ad35LacZ induced much higher levels of IL-6 and
interferon-y in monkeys #5 and #3, respectively, than in the other
Ad35LacZ-infused monkeys (Figure 5b), although no severe dam-
age or inflammation was observed in these two animals. It remains
unclear why such high levels of inflammatory cytokines were
induced by Ad35 vectors in these animals; however, previous stud-
ies have indicated that the high levels of inflammatory cytokine
induction might be involved in tissue damage™ " It is important 1o
pay attention to Ad35 vector-induced innate immune responses.

The poor transduction efficiencies of Ad35 vectors in organs
after systemic administration could constitute another potential
advantage in their use. namely, that locally administered Ad35
vectors would not cause unwanted side effects in organs other
than the targeted organs, when draining from injected sites into
the blood stream. This is in contrast to Ad5 vectors which, after
injection into local tissues. have been shown to drain into the
blood stream in large quantities and cause unwanted side effects
in the liver and other organs.”™'" We previously demonstrated that
intramuscular injection of Ad35 vectors led (o eflicient transduc-
tion at the injected sites,"” and thus local injection of Ad35 vectors
would be expected (o mediate efficient transduction at the injected
sites without side effects in other organs.

In v. we have d i the transduction proper-
ties of Ad35 vectors after intravenous administration in nonhu-
man primates, Systemic infusion of Ad35 vectors did not result in
detectable levels of transgene expression in the organs. Also. the
tissue damage was less severe in the animals receiving Ad35 vec
tors than in those receiving AdS vectors, although two monkeys
produced marked inflammatory cytokines afier receiving Ad35
vectors. Further studies are in progress, focusing on the local
injection of Ad35 vectors, and the results of these studies may fur-
ther clarity the potential utility of Ad35 vectors,

MATERIALS AND METHODS
Ad vectors. An AdS vector and an AdD5 vector containing a f-galactisidase
expression cassette, AdSLacZ and Ad3SLacZ. respectively, were prepared
using an imy d i vitro liga twd. "= Brietly, for preparation of
AdSLacZ, pHMCMV6-LacZ, which was constructed by Insertion of the
Palactosidase gene derived from pCMVE (Cluntech, Palo. Alta, CA)
into pHMCMV 6, was digested with |-Cenl and PI-Scel, and then ligated
with I-Ceul- and Pl-Scel- lhgntul AdS vector plasmid pAdHMA.™ The
Iting plasmid was digested with Facl and rransfected into 293 cells
with Supm'fl:ct (Qiagen, Valencia, CA). The vector plasmid for Ad35LacZ
was constructed in a similar manner. but using pHMCMV6-LacZ and
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PAAMSIS The resulting plasmid was digested with SWT and transfected
into 293-E1B cells.” which are a 293 lmulutmml stably expressing Ad35
E1B-55K protein. The viruses were prepared using a standard method, and
parified by CsCl. step gradient ultracentrifugation followed by CsCl. linear
gradient ultracentrifugation. Deter of virus particle titers. was
accomplished spectrophotometrically using the methods of Maizel et al”
Luciferase-expressing AdS and Ad35 vectors, AdSL and Ad351, were con-
structed as explained earlier "'

In vitro transduction. Lung and kidney pamary cells. solated trom
embryonic cynomolgus monkeys and cultured in Roswell Park Memaorial
Institute- 1640 medium supplemented with 10% fetal bovine serum, anti-
biotics. and 1-glutamine, were seeded in a %6-well dish at 1 » 10° cells/well,
On the tollowing day, they were transduced with AdSL or Ad35L at 300
and 3,000 vector particles/cell for 1.5 hours, Afier a 48-hour culture perind.
luciferase production in the cells was measured using 3 luciferase asaay
sysiem | PicaGene LT2.0; Toyo Inki, Tokyo, lapan),

Animals. Young male cynomolg keys | M, Jascicularis) were
housed and handled in accordance with tiurulclturul.umlan and

i of the 1sukuba Primate Center and the guiding principles for
animal experiments using nonk primates lormulated by the Primate
Society of Japan. The animals (-3 years of age, |.B8-2.96 kg) were certified
free of intestinal parasites and seronegative for simian type-D retrovirus,
herpesvirus B, varicella-zoster-like virus, and measles virus. The protocol
of the experimental procedures was approved by the Animal Weltare and
Animal Care Committee of the National Institute of Biomedical Innovation
(Chaka, lapan)

In vive ( duction, y lgus monkeys were seduted with ketamine
(3-10mg/kg) and injected with phosphate-butfered saline (mock), or
AdSlac? or Ad35Lac ar 2 x 100 vector particlesi/ky (high dose), 1 = 10¢
vector particles/kg (intermediate dose), or 0.4 % 10" vector particlestkg
(how dose) through the saphenous vein at a rate of =2 mbminotes. Blood
was collected for analysis at 3, 6, 24, 48, 72, and 96 hours after injection.
Four days after vector administration, the monkeys were killed and the tis-
sues were collected. Tissue samples were subjected Lo analysis as described
ur the later text.

p-Galactosidase assay and X-gal staining. f-Galactosidase activity in the
organs wias measured using Galacto-Light Sy (Applied Biosy
Foster Ciry. CA) as carlier descnbed.” Protein concentrations were deter-
mined with o Bio-Rad assav kit (Bio-Rad. Hercules. CA) using bovine
serum alb a5 fard. X gal staining of tssue sections was per-
tormed as earlier described.

Blood clearance and tissue distribution of Ad vectors. Blood clesrance
analysis of Ad vectors was performed using a real-time polymerase chain
reaction assay. as carlier described.** Briefly, total DNA, including the Ad
vector DNA. was isolated from whale blood samples. After isolaton. the
total DNA concentrations were determined. and the Ad DNA contents were
quantificd using 3 TagMan fluorogenic detection system (ABI Prism 7700
sequence detector: Perkin: Elmer Applied Biosystems, Foster City. CA).

The association of Ad35 vectors to blood cells circulating in the blood
stream was evaluated using o real-time polymerase chain reaction assay,
Blood samples collected @t the indicated time points were washed two
times with phosphate-huffered saline immediately after isolation to remove
unbound Ad35 vectors. After washing, total DNA was extracted from blood
cells and the Ad35 DINA contents were assessed as described earlier.

The Ad DNA contents in each organ were similarly quantified using
a real-time polymerase chain reaction assay, as described earlier, after
isolation of the total DNA from each organ using a Automatic Nucleic
Acid Isolation System (NA-2000; KURABO, Osaka, lapan).

Histopathology. For routine histopathology. tissues were fixed in 10%
formalin at the time of necropsy, and processed for paraffin embedding.
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Sections of 4-pm thickness were cut and stained with hematoxylin and
eosin, The tissue sections were examined under a microscope.

Analysis of inflammatory cytokines, serum chemistry profiles, and hema.
tology parameters. Blood was drawn from the saphenous veins of all the
maonkeys prior to vector administration and at 3, 6, 24, 72, and 96 hours
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The combined use of adenovirus (Ad) vectors express-
ing herpes simplex virus thymidine kinase (HSVtk) and
ganciclovir (GCV) offers a potential therapeutic strategy
against cancer. However, intratumorally injected Ad vec-
tors are disseminated into the systemic circulation and
efficiently transduce the liver, resulting in severe hepato-
toxicity. In order to overcome this problem, an Ad vector
carrying a microRNA (miRNA)-requlated expression sys-
tem was developed by inserting into the 3-untranslated
region (3"-UTR) of the expression cassette four tandem
copies of sequences with perfect complementarity to
miR-122a, which exhibits liver-specific expression. Trans-
gene expression from the Ad vector carrying the miR-
122a target sequences was 7- to 70-fold lower in cells
with high miR-122a expression as compared to expres-
sion from a conventional Ad vector. Intratumoral injec-
tion of the Ad vector containing the miR-122a target
sequences resulted in a 130- to 1,500-fold reduction in
hepatic transgene products (without affecting the trans-
gene expression in the tumor) when compared with
those from a conventional Ad vector. In suicide gene
therapy, the inclusion of the miR-122a target sequences
in the HSVtk expression cassette achieved not only sig-
nificant antitumor effects, but also a dramatic reduction
in HSVtk/GCV-induced hepatotoxicity. These results indi-
cate that Ad vectors that mediate miR-122a-requlated
HSVik expression provide a safe and efficient suicide
gene therapy strategy.

Received 24 Apnil 2008; occepted 2 july 2008; published onkne
29 July 2008. doi-10.1038/mt.2008 159

INTRODUCTION

Among various approaches to gene therapies for cancer, suicide
cancer gene therapy using the herpes simplex virus thymidi
kinase (HSVtk) gene and ganciclovir (GCV) has shown some
promuse in preclinical and clinical studies'* The therapeutic
principle of the HSVik/GCV system consists of the transduction

of the HSVtk gene in tumor cells and the conversion of nontoxic
GCV 10 highly toxic phosphorylated GCV by HSVik, resulting in
the death of cells expressing HSVtk by inhibition of DNA replica-
tion. In addition, the antitumor effects of the HSVik/GCV system
are enhanced by a so-called bystander effect, namely, the transfer
of phosphorylated GCV from HSVtk-expressing tumor cells to
untransduced tumor cells through cellular gap junctions.”
Several gene delivery vehicles, including adenovirus (Ad)
vectors, retrovirus vectors, and cationic lipids, have been used in
HSVik/GCV gene therapy. Among these, Ad vectors have scveral
advantages over other viral and nonviral vectors because they can
be grown to high titers and have efficient transduction activity.*"
In clinical studies, Ad vectors are often locally administered into
tumors; however, intratumorally injected Ad vectors are systemi-
cally disseminated from the tumor, even when only small volumes
of Ad vector are injected with great care.!' '* Subsequently, Ad
vectors that have leaked from a tumor primarily transduce the
liver because of their high hepatic tropism, giving rise to HSVtk
expression in the liver and leading on to severe hepatic damage.
In order to enhance the safety and effectiveness of suicide gene
therapy involving HSVik-expressing Ad vectors, unwanted Ad
vector-mediated transduction in the liver should be reduced with-
out simultaneously reducing transgene expression in the tumor
Recently, increasing attention has been focused on a vast
post-transcriptional regulatory network mediated by microRNAs
(miRNAs), which are endogenous, small, noncoding RNAs with
distinct developmental and tissue-specific expression profiles.'” *
miRNAs, which are created from long primary transcripts by
several processing steps, suppress gene expression by interact-
ing with partial complementary sequences in the 3"-untranslated
region (3°-UTR) of target mRNA through association with the
RNA-induced silencing complex. Recent studies have demon-
strated that the insertion of miRNA target sequences into the
3".UTR of a gene expression cassette reduced expression levels of
the introduced gene, the extent of reduction being dependent on
the cellular expression levels of the miRNA #'# We hypothesized
that insertion of sequences complementary to miR-122a," which
is highly expressed in the liver, into the 3"-UTR of a transgene
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Ad Vectors Carrying miRNA Target Sequences

expression cassette in Ad vectors would reduce hepatic transduc-
tion without affecting transgene expression in the tumor.

In this study, we demonstrate that an Ad vector carrying the
miR-122a-regulated transgene expression cassette achieves efh-
cient transduction in the tumors and reduced transgene expres
sion in the liver after intratumoral admimistration. In suicide
cancer gene therapy involving HSVik-expressing Ad vectors, the
miR-122a-regulated expression system not only exerted antitumor
effects, but also significantly reduced the hepatotoxicity caused by
Ad vector-mediated HSVtk expression.

RESULTS

Construction of an Ad vector carrying

a miR-122a-regulated transgene expression system

In order to develop an Ad vector that can achieve both reduced
hepatic transduction and efficient transgene expression in
tumors, four tandem copies of sequences with perfect comple-
mentarity to miR-122a were inserted into the 3"-UTR of a firefly
luciferase expression cassette in the El -deleted region of the Ad

a (LY

Ad
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vector genome (Figure Ic). miR-122a has been demonstrated
to be highly expressed in the liver *** We confirmed that the
use of four copies of the miR-122a target sequences achieved a
maore efficient reduction in firefly luciferase expression than the
use of two copies did (data not shown). Ad vectors containing
no miRNA target sequences or reverse sequences of the miR-
122a target sequences were used as control vectors in this study
(Figure la and b). The renilla luciferase expression cassette
was inserted into the E3-deleted region to correct for the firefly
luciferase expression levels. Conventional Ad vectors and those
containing the miR-122a-regulated transgene expression system
typically grew to similar extents (data not shown).
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Figure 1 Schematic diagrams of adenovirus (Ad) vectors used in this
study. (a) Ad-L, (b) Ad.L-controlT, (c) Ad-L-122aT, (d) Ad-tk-controlT,
and (@) Ad-th-122aT, A renilla luciferase expression cassette was inserted
nto the E!—uebted region to correct for firefly luciferase expression,
CMV, ¢ p 7 HSVik, herpes simplex virus thymidine
kinase; 122aT, miR-122a targel sequences; controll, reverse sequences
of miR-122a target sequences. TTR, inverted terminal repeat
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(n = 3). (b) Relative firefly lucilerase expression levels after transduction
at 300 wirus particles (VP)/cell. The cells were tramsduced with Ad vec
tors for 1.5 hours. Alter a 48-hour incubation, the cells were harvested

Data are presented as mean value ¢ SE (n = 3) Sagﬂﬁmdmm\te.
**P < 0.005 compared with Ad-L. Similar results were cbtained when the
cells were transduced with the Ad vectors atl 30VP/cell (data not shown).
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