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The long-term consequences of adenovirus-mediated conditional cytotoxic gene therapy for
gliomas remain uncharacterized. We report here detection of active brain inflammation 3
months after successful inhibition of syngeneic glioma growth. The inflammatory infiltrate con-
sisted of activated macrophages/microglia and astrocytes, and T lymphocytes positive for leu-
cosyalin, CD3 and CD8, and included secondary demyelination. We detected strong widespread
herpes simplex virus 1 thymidine kinase immunoreactivity and vector genomes throughout large
areas of the brain. Thus, patient evaluation and the design of clinical trials in ongoing and future
gene therapy for brain glioblastoma must address not only tumor-killing efficiency, but also
long-term active brain inflammation, loss of myelin fibers and persistent transgene expression.

Clinical trials of conditional cytotoxic gene therapy of glioblas-
toma are now underway using retroviral and adenoviral vectors
encoding herpes simplex virus 1 thymidine kinase (HSV-1-TK),
followed by the administration of ganciclovir'. Much of the effi-
ciency of suicide-gene therapy is thought to be due to the ‘by-
stander effect’, of which inflammation and anti-tumor immune
stimulation seem essential components®*”. Despite many experi-
mental studies examining the efficiency of glioma regression in-
duced by suicide-gene therapy®"’, there is no information on the
incidence of subsequent chronic brain inflammation. Gene trans-
fer into the brain using adenoviral vectors induces acute, short-
lived, inflammatory reactions'®, although peripheral
re-administration of viral vectors induces a delayed-type hyper-
sensitivity reaction'®, which eliminates transgene expression, and
is accompanied by localized demyelination. Likewise, most trans-
genic protein expression is mostly, although not exclusively, re-
stricted to the injection site and is detectable for at least 2
months'®'”?'2*, Understanding the long-term consequences of sui-
cide gene therapy of brain tumors is thus essential.

We assessed the long-term outcomes of adenovirus-mediated
conditionally cytotoxic gene therapy (that is, the combination of a
pro-drug-converting enzyme encloded by the viral vector, and a
pro-drug that can be administered systemically) in a syngeneic
glioblastoma model. We implanted CNS-1 cells® into the striata of
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Lewis rats, and then injected adenovirus expressing HSV-1-TK, and
systemic ganciclovir. The treatment was very efficient, resulting in
the survival of 80-100% of rats for at least 3 months. Unexpectedly,
the brains of long-term survivors showed the presence of chroni-
cally active brain inflammation, as well as very strong and wide-
spread HSV-1-TK immunoreactivity. These data have implications
for the design and evaluation of clinical gene therapy trials of
glioblastoma multiforme.

HSV-1-TK /ganciclovir inhibits syngeneic CNS-1 glioma growth

Implantation of 5 x 10° CNS-1 cells unilaterally into the striatum of
Lewis rats killed the rats within 30 days (Fig. 1). Injection of 8 x 10’
infectious units (IU) of a replication-defective recombinant aden-
ovirus (RAd) expressing either the full-length gene for HSV-1-TK
(RAd-128), or a truncated, biologically active gene for HSV-1-TK of
reduced intrinsic toxicity**?’, HSV-1-ATK (RAd-127), into the same
site at 3 days after implantation, followed by ganciclovir treatment
for 7 days, almost completely inhibited CNS-1 glioma growth. We
monitored rats by weekly magnetic resonance imaging brain scans
to assess treatment effectiveness. We found tumor growth only in a
single rat treated with RAd-127. There was no magnetic resonance
imaging, clinical or anatomical evidence of tumor growth in any
other rats. Survival at 3 months after tumor implantation was
100% in rats injected with RAd-128 and 83-100% in rats injected
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Fig. 1 Survival analy-
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with RAd-127 (survival of rats injected with RAd-127 in Fig. 1 was
83%). The survival rates of rats injected with either RAd-128 or
RAd-127 were significantly better than of those of rats treated with
either RAd-35, an adenovirus vector expressing [3-galactosidase, or
vehicle alone (P = 0.0079). There were no significant differences in
survival either between groups treated with vehicle or RAd-35 (P =
0.1232), or between groups treated with RAd-128 or RAd-127 (P =
0.3613). In two identical repeat experiments, we detected no tumor
growth in rats treated with either RAd128 or RAd127.

General histopathological analysis

We perfusion-fixed long-term (90 days) survivors in our experimen-
tal syngeneic glioma trials, and analyzed their brains histopatholog-
ically for the distribution of glial, inflammatory, and immune cell
markers, as well as for the integrity of myelin fibers and oligoden-
drocytes. Sections stained with hematoxylin and eosin showed the
presence of inflammatory infiltrates (diffuse hypercellularity within
the white matter, striatum and perivascular cuffs), and lateral ven-
tricle enlargement (also detected by magnetic resonance imaging)
ipsilateral to tumor and viral vector injection (Fig. 2a and b).

Fig. 2 Brain inflammation in long-term survivors of suicide-gene therapy.
CNS-1 tumor cells and virus were injected into the right hemisphere (left side,
a,c,e,g); adjacent sections 70 mm in thickness were analyzed. Right column,
higher magpnification of areas boxed in left column. Large black arrowheads,
contralateral subcortical white matter; large yellow arrows, ipsilateral subcor-
tical white matter; long thin black arrows (a,c,e,g), anterior commissure. C,
cortex; W, white matter; S, striatum. @ and b, Staining with hematoxylin and
eosin shows inflammatory infiltration of subcortical white matter; this demon-
strates the widespread inflammatory infiltrate, and perivascular cuffs (thin
black arrow, b). White arrow (a), dilated ventricle in the tumor-treated hemi-
sphere. c-f, Atrocytes immunoreactive to vimentin (c and d) and GFAP (e and
f) show bilateral activation, with the highest degree of activation ipsilateral to
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Astrocytosis

Immunohistochemical staining for the astrocyte markers vi-
mentin (Fig. 2c and d) and glial fibrillary acidic protein (GFAP)
(Fig. 2e and f) indicated widespread activation of astrocytes. GFAP
is expressed by astrocytes, and is upregulated after activation.
Vimentin is undetectable in resting adult rodent astrocytes, but is
also upregulated after activation. Astrocyte activation was bilat-
eral, but was strongest in the ipsilateral subcortical white matter.
Vimentin-positive cells had typical astrocytic morphology, with
perivascular end-feet. The distribution of activated GFAP im-
munoreactive astrocytes was much wider than the area occupied
by vimentin-immunopositive cells. Astrocyte activation was pre-
sent in all rats.

Microglial/macrophage activation and lymphocyte infiltration
Activated ED1 immunoreactive macrophages/microglia, showing
ongoing phagocytosis (that is, containing tissue debris), were pre-
sent mainly ipsilaterally, over a more restricted area than that occu-
pied by activated astrocytes (Fig. 2¢ and h). Within the ipsilateral
subcortical white matter, the area occupied by ED1*, CD3", leu-
cosyalin-positive, or CD8" cells overlapped with the hypercellular-
ity detected in the sections stained with hematoxylin and eosin,
GFAP or vimentin (Fig. 2). In the striatum, activated
microglia/macrophages were found surrounding the needle track,
and infiltrating trans-striatal white matter tracts. Activated mi-
croglia/macrophages were distributed throughout the dorsal and
ventral subcortical white matter, the corpus callosum, and the ipsi-
lateral anterior commissure. Only very few could be detected in the
contralateral subcortical white matter (Fig. 3e and f). Activated mi-
croglial/macrophages were also found within perivascular cuffs
(Fig. 3g), with leucosyalin-positive, CD3" and CD8* lymphocytes
(Fig. 3h). Lymphocytes were also present within the ipsilateral sub-
cortical white matter, as well as infiltrating striatal tissue (Fig. 3i
and I).

K

c

the tumor and viral vector administration. Glial activation extends through-
out the ipsilateral subcortical white matter towards its ventral extension, and
is also present in the contralateral subcortical white matter. The infiltration in
the ipsilateral white matter extends further than that seen in @ and b. g and
h, The distribution of activated macrophage/microglial ED1-positive cells,
present exclusively in the ipsilateral hemisphere; only low numbers of ED1-
positive cells are present in the contralateral subcortical white matter (Fig. 3e
and f). ED1 immunoreactivity extends to the ventral extension of the ipsilat-
eral subcortical white matter (large yellow arrow), and also encompasses the
anterior commissure (long thin black arrow). No ED1-immunoreactive cells
are present in the contralateral cortex, or striatum. Scale bars represent 2 mm
(left column; in a) and 500 um (right column; in b).
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Fig. 3 Loss of myelinated fibers, HSV-1-TK immunoreactivity and
macrophage and lymphocyte infiltration of perivascular cuffs. The decrease in
myelinated fibers in long term suicide-gene therapy survivors is not due to au-
toimmune destruction of oligodendrocytes. Upward thin black arrows, subcor-
tical white matter. @ and b, Sections stained with luxol fast blue show the
white matter loss of myelinated fibers, which is most clearly demonstrated in
the subcortical white matter in the ipsilateral hemisphere. c and d, The expres-
sion of HSV-1-TK immunoreactivity in the ipsilateral (c) and contralateral (d)
hemisphere indicates the continued presence of strong transgene positivity in
both the ipsilateral and contralateral hemispheres. In the ipsilateral hemi-
sphere, there is high expression of HSV-1-TK immunoreactivity in cells within
the subcortical white matter, striatum and cortex. In the contralateral hemi-
sphere, HSV-1-TK immunoreactivity in the white matter and striatum is found
mainly in axons, whereas in the neocortex HSV-1-TK immunoreactivity is lo-
calised to neurons and axonal processes. e and f, ED1-immunoreactive cells
demonstrate the more widespread distribution of activated macrophages in
the ipsilateral hemisphere, extending both into the cortex, and throughout the
striatum (e); in the contralateral hemisphere (f), ED1 immunoreactive cells are
present only in the white matter, but not in the cortex or striatum. g and h,
High-power magnification of a subcortical white matter perivascular cuffs,
showing that both macrophages (g) and CD3-immunoreactive lymphocytes
(h) are present. *, blood vessel lumen. i, CD8-immunoreactive lymphocytes
are present throughout the subcortical white matter and infiltrate the striatum.
WM, white matter; STR, striatum; dashed line, border between these. j, High-
power magnification of a semithin Epon section, stained with osmium tetrox-
ide and toluidine blue, showing reduced density of myelin fibers throughout
the white matter. The decrease in the density of myelinated fibers is accompa-
nied by an increase in white matter cellularity and extracellular space due to
edema.Black arrow, axonal spheroid, indicative of axonal degeneration.
k, Oligodendrocytes, specifically stained with antibodies against CNPase.
I, Leucosyalin-positive T cells (two indicated by black arrow) are present in the
white matter—striatal junction in the injected hemisphere. The decrease in the
density of myelinated fibers, the absence of primary selectively demyelinated
axons, the presence of large numbers of oligodendrocytes, and evidence of ax-
onal degeneration, demonstrate that the loss of myelinated fibers is secondary,
rather than primary immune-mediated. Scale bars represent 350 um (for a—f,
shown in @), 35 pm (for g and h; shown in g, 40 pm (for i), 50 pm (for j) and 30
um (for k and /; shown in /).

Loss of myelinated fibers

The loss of Luxol fast blue staining strongly indicated a substantial
reduction of myelinated fibers in the ipsilateral subcortical white
matter (Fig. 3a and b), which spread into its ventral extension.
Luxol fast blue staining was less intense in the injected striatum
than in the contralateral side, indicating actual loss of myelinated
fibers within the striatum as well. ‘Semi-thin’ Epon-embedded sec-
tions (Fig. 3j), stained with osmium and toluidine blue to highlight
myelinated fibers, confirmed the loss of myelinated fibers within
the subcortical white matter. This also indicated the presence of in-
creased extracellular space (due to fiber loss and edema), and an in-
crease in cellularity, composed mostly of astrocytes and
oligodendrocytes (Fig. 3j-I). The reduced density of myelinated
fibers, the presence of oligodendrocytes (identified using specific
CNPase antibodies; Fig. 3k), with the absence of primary demyeli-
nated axons, strongly indicates that the loss of myelin fibers is sec-
ondary to tissue degeneration, rather than due to primary
immune-mediated demyelination. The presence of axonal spher-
oids (Fig. 3j) further indicates ongoing axonal degeneration.

Long-term presence of immunoreactive HSV-1-TK transgene

We assessed the presence of HSV-1-TK immunoreactivity in the
brains of rats surviving tumor gene therapy for 3 months.
Unexpectedly, we detected very strong and widespread im-
munoreactivity (Figs. 3¢ and d, 4 and 5a). In the ipsilateral hemi-
sphere, there was strong immunoreactivity in an area overlapping
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the distribution of ED1" microglia/macrophages within the sub-
cortical white matter. Furthermore, we detected strong HSV-1-TK
immunoreactivity throughout the ipsilateral striatum, both in
neurons and axonal processes, as well as throughout the contralat-
eral hemisphere (Figs. 4 and 5a).

Many HSV-1-TK-immunoreactive neurons, axons and synaptic
boutons were distributed throughout substantial areas of the ipsilat-
eral and contralateral cortex (Figs. 3¢ and d, 4a and ¢ and 5a).
Immunoreactive neurons were mainly of pyramidal morphology,
and were concentrated in layers II/IIl and V (Fig. 4 a-c). This strongly
indicates that cortico—cortically projecting neurons contain high
levels of HSV-1 TK protein. Brain areas with many strongly im-
munoreactive HSV-1-TK neurons throughout the contralateral
hemisphere (outside of the subcortical white matter) proved to be
completely devoid of any ED1-positive activated macrophages, or
CD3/CD8-positive  lymphocytes (Figs. 2¢ and 3e and f).
Contralateral striata only contained many HSV-1-TK-immunoreac-
tive axons (Figs. 3d and 5a). These most likely represent axons of
cortical neurons projecting to lower levels of the neuraxis. Although
there was strong labeling in all rats examined, the distribution of la-
beled cells varied between rats.

To exclude the possibility of any nonspecific immunoreactivity,
we used the following controls: Sections from rats injected with
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Fig. 4 Persistence of HSV-1-TK within
neurons in long-term survivors of suicide-
gene therapy. @, Somatosensory cortex
contralateral to the original injection site
in a 3 month survivor (low-power magnifi-
cation), showing strong labeling of pyra-
midal cells in layers II-Ill, and labeling of
cells and axonal processes in layer V.
b, High-power magnification of pyramidal
cells, showing the pyramidal morphology
and very strong labeling of both apical and
basal dendrites. These most likely corre-
spond to retrogradely labeled pyramidal
cells. ¢, Higher-power magnification of the
pyramidal cell indicated by a white arrow in b, showing strong im-
munoreactivity of the cell body, the apical and basal dendrites. Small
black arrows, labeling in dendritic spines; thicker arrow, labeled im-
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munoreactive axonal boutons. No indication of pathology in HSV-1-TK-
immunoreactive neurons could be detected. Scale bars represent 235

um (a), 50 pm (b) and 10 um (c).

RAd-127 or RAd-128 and ganciclovir were immunoreacted with sec-
ondary antibodies in the absence of primary antibodies. There was
no positive staining, indicating that the secondary antibodies were
not cross-reacting with nonspecific tissue components. Sections
from rats treated with RAd35 and ganciclovir or with vehicle and
ganciclovir were immunoreacted with primary antibody against
HSV-1-TK and secondary antibodies. There was no immunopositiv-
ity. This excludes the possibility that virus and/or ganciclovir injec-
tion might induce the production of an endogenous protein
detected by antibodies against HSV-1-TK. Also, we tested viral stocks
before injection using the supernatant rescue assay; these were de-
void of replication-competent adenovirus. To confirm that no very
low-level contamination could have been amplified in the brain
during the three months of the experiment, we devised a PCR-based
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method to detect the presence of any replication-competent virus in
the brain. Three regions of the viral genome were amplified by PCR
from the same brain sections used for immunohistochemistry (Fig.
5b and ¢). The IVa2 region is present in the genome of vectors and in
the genome of any replication competent virus. The E1B region is
present in the genome of a replication-competent virus and in 293
cells, but not in the E1-deleted vectors. TK sequences will be present
only in RAd127 and RAd128, and we used a [-actin sequence as a
control for DNA extraction.

We amplified the TK and the IVa2 region, but not the E1B frag-
ment, from sections of brains injected with either viral vector 3
months earlier (Fig. 5b). This demonstrates that vector genomes,
but not replication-competent viral genomes, were present. To
confirm that the E1B fragment, if present, could be amplified from
brain tissue, we injected a preparation of an unrelated viral vector
contaminated with replication-competent adenovirus (as assessed
using the supernatant rescue assay) into the brain. From sections
taken from such brains, we amplified both the [Va2 and the E1B re-
gion, as expected (Fig. 5b).

Fig. 5 PCR analysis of brain sections from long-term survivors of suicide-
gene therapy. @, Immunohistochemical staining for HSV-1-TK in a 3-month
survivor, in a coronal section. Yellow arrow, staining around the injection site;
yellow circle, area in the contralateral cortex with many HSV-1 TK immunore-
active cell bodies and axons. All of the darkly stained areas in this section con-
tain HSV-1-TK-immunoreactive structures. Green arrows, lack of staining in
the ipsilateral and contralateral anterior commissures; green triangle and cir-
cle, lack of staining in the septum and contralateral piriform cortex and amyg-
dala, respectively. Scale bar represents 2 mm. b, PCR detection of vector
genome (IVa2), transgene (TK) or replication-competent genome (E1B), in
brain sections of rats that were treated with Rad128 and Rad127 and survived
for 90 days. A PCR product corresponding to the Ad 5 IVa2 primary transcript
was amplified from brains injected with RAd127 and RAd128 3 months earlier
(lanes 5 and 6), or from brains injected 3 d earlier with a different vector
preparation contaminated with a replication-competent adenovirus (lane 4).
A PCR product corresponding to the Ad 5 E1B primary transcript was ampli-
fied from brains injected with the viral preparation contaminated with repli-
cation competent virus (lane 4), and from genomic DNA from 293 cells (lane
2). APCR product, TK, which can be amplified from both genomic sequences
encoding either HSV-1-TK or HSV-1-ATK, was amplified from brains injected
with RAd127 and RAd128 3 months earlier (lanes 5 and 6). Controls, Sterile
water (lane 1) and a brain section from a rat not injected with any viral vector
(lane 3). Right margin, molecular sizes. ¢, Regions amplified by PCR. Top, The
left 6,000 base pairs of the Ad 5 genome, and the transcription units for E1A,
E1B and IVa2. Middle, Ad 5 sequence in 293 cells. Bottom, Ad 5 sequence in
RAd127 and RAd128, and site at which the transcription unit is inserted. Short
arrows, sites of amplification for primer pairs a/b, c/d and e/f.
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Fig. 6 Immune-mediated elimination
of CNS-1 cells does not lead to chronic
persistent infiltration of CD4* or CD8* T
cells. Peripheral priming with mito-
mycin C treated CNS-1 cells prevents
intracranial tumor growth and does
not induce a chronic inflammatory re-
sponse in the rat brain after the intra-
striatal injection of control CNS-1 cells
into the ipsilateral striatum. Vibratome
sections were stained and pho-
tographed at low magnification (q, e, |/,
¢, g and k), and at higher magnification
(b, f, j, d, hand ). Tumor growth is not
evident in the ipsilateral hemisphere of
the brains injected with CNS-1 cells 30
days after a peripheral priming with
mitomycin C-treated CNS-1 cells (a, b,
e, f, I and j). a-d, ED1-stained brains
show microglial/macrophage activa-
tion (yellow arrow, a), limited to the
white matter and the striatum. ED1-
positive cells are present at a reduced
level in the white matter of the con-
tralateral hemisphere (c and d). e-h,
CD4-stained sections do not show spe-
cific staining for CD4-positive T lymphocytes (e and f), although CD4-la-
beled microglial cells can be detected. i-I, CD8-stained sections do not
show specific staining for CD8-positive T lymphocytes throughout the
area of tumor injection, although occasional lymphocytes normally pre-

sent within the meninges are stained. The remains of oxidized red blood
cells can be seen at the site of tumor implantation (yellow arrow, ). Scale
bars represent 1 mm (for a,e,/,c,g,k; shown in [ and k) and 0.5 mm (for
b,f,j,d,h,l; shown in jand /).

RAd128 and ganciclovir cause persistent lymphocyte infiltration
To determine whether the chronic lymphocyte infiltration and in-
flammation was caused by the elimination of CNS-1 cells, the ad-
ministration of viral vectors expressing HSV-1-TK or the subsequent
administration of ganciclovir, we tested these variables indepen-
dently. Peripheral priming of Lewis rats with 2.5 x 10* mitomycin-C
treated CNS-1 cells protected rats from a lethal intracerebral chal-
lenge with 5 x 10° CNS-1 cells. We perfusion-fixed surviving rats 90
days after the intracerebral challenge. No tumor, CD8* or CD4" cells
could be detected (Fig. 6). We only detected a small increase in ED1*
macrophages/microglial cells, compared with that after the inhibi-
tion of tumor growth by gene therapy (Figs. 2¢ and h and 6a and b).
Thus, immune-mediated elimination of CNS-1 cells does not lead to
a prolonged infiltration of lymphocytes into the brain. Intracerebral
injection of 8 x 107 IU of RAd-128 in the absence of CNS-1 cells, fol-
lowed by administration of ganciclovir or saline for 7 days, and per-
fusion-fixation 1 or 3 months later, led to a chronic brain
inflammatory infiltration, with higher numbers of CD8* lympho-
cytes in rats treated with ganciclovir (Fig. 7).

Discussion

We made three main findings during our conditional cytotoxic
gene therapy studies in a syngeneic rat glioblastoma model:
Complete tumor growth inhibition in most rats; a chronic, ongo-
ing, inflammatory process, characterized by T-cell and
macrophage/microglial infiltration and activation, and loss of
myelinated fibers and axons in long-term survivors; and continued
expression of transgenic HSV-1-TK at very high levels in neurons
throughout the brains of survivors 90 days after vector administra-
tion. We have reported chronic active inflammation in response to
a single, successful, brain glioma gene therapy regime, and the
long-term presence of the therapeutic enzyme HSV-1-TK.
Furthermore, we have demonstrated that the chronic inflamma-
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tory process does not impair long-term transgene expression in the
brain. As the presence of HSV-1-TK throughout the contralateral
cortex and striatum did not result in overt local inflammatory re-
sponses, additional mechanisms will have to be invoked to explain
the usual short-lived transgene expression after adenovirus vector-
mediated gene transfer to the brain'**#2,

Most experimental models of glioblastoma gene therapy have
used C6, 9L or F98 glioma cells*", and have failed to report any
chronic inflammatory responses. After a single administration of
adenovirus encoding the marker gene 3-galactosidase or HSV-1-TK
to either rats, mice, nonhuman primates or human glioma, mainly
acute, short-lived and dose-dependent inflammatory responses
have been described so far'®*"**?*?3° The ongoing nature of the in-
flammatory process detected in our model is supported by our find-
ing of perivascular cuffs, composed of both T cells and activated
microglia/macrophages. The injection volumes, viral and ganci-
clovir doses, and our experimental paradigm are within the ranges
described in the literature®*'’. However, we have reported here a
syngeneic glioma gene therapy model in Lewis rats, which are
highly susceptible to experimental allergic encephalomyelitis®'.

So far, localized demyelination has been described only after the
peripheral readministration of adenovirus vectors’®. Moreover, in
our experiments, the chronic inflammatory response was also lim-
ited to the hemisphere originally injected with tumor cells and
viruses. We detected no inflammatory responses at any distant
sites expressing high levels of immunoreactive HSV-1-TK. Further,
our data demonstrated a loss of myelinated fibers, edema, and in-
dices of ongoing axonal degeneration, whereas oligodendrocytes
were preserved and primary demyelinated axons were absent. This
demonstrates that the loss of myelinated fibers, is not primary, or
immune-mediated, but secondary to tissue injury and axonal loss.

Adenovirus injection into brain parenchyma stimulates the se-
cretion of interleukin (IL)-1 and IL-6, whereas injection into the lat-
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white matter; s, striatum. Scale bar represents 450 pm.

Injection of RAd-128 followed by ganciclovir leads to chronic sustained infil-
tration of CD8" T cells. Injection of the same dose of RAd-128 that was used to inhibit
tumor growth leads to a stronger infiltration of CD8" lymphocytes at 1 and 3 months
after injection, if rats were treated with ganciclovir, but not saline, twice daily for 7
days. Arrows, boundaries of the white matter showing T-cell infiltration. ¢, cortex; w,
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The presence of HSV-1-TK throughout the ipsilateral and
contralateral neocortex was restricted to pyramidal neu-
rons, mainly located in layers II-1I and V, which contain
callosally and cortico—cortically projecting pyramidal cells.
Such neurons may have taken up vectors through axonal
varicosities present on axons coursing throughout the sub-
cortical white matter overlying the injected striatum®.
Alternatively, HSV-1-TK protein could have been released
by dying cells (if spared from intracellular degradation) and
taken up by axonal terminals to be transported retrogradely
to parent neuronal cell bodies. This is unlikely, however,
given the widespread distribution of HSV-1-TK protein and
viral vector genomes in distant cells, including neurons,
throughout the brain. The presence of vector genomes but
the absence of replication-competent virus from brains of
long-term survivors indicates the apparent stability of and
long-term expression from adenoviral vectors injected into
the rodent brain.

Despite of aggressive surgery, chemotherapy and radio-
therapy, median survival of glioblastoma patients is less
than 12-15 months, and has not improved during the last
30 years. This calls for new treatments, such as gene ther-
apy. All current treatments have considerable side effects.

eral ventricle induces secretion of IL-1, IL-6 and tumor necrosis fac-
tor-a (ref. 20). Thus, the immune-suppressive microenvironment
of the brain and gliomas (which express transforming growth fac-
tor-B (ref. 32) and Fas ligand*®) could be modified by viral-mediated
gene therapy, through the secretion of pro-inflammatory cy-
tokines, coupled with inflammation elicited through HSV-1-TK
and ganciclovir-mediated cell killing. This could enhance tumor
immunogenicity and improve gene therapy’s anti-tumor activity.

The persistent inflammation is not exclusively due to the elimi-
nation of CNS-1 cells, as the subcutaneous priming with growth-ar-
rested CNS-1 cells completely protected rats from an intracerebral
challenge, without leading to a chronic inflammatory response.
Thus, immune system-mediated elimination of glioma cells (as op-
posed to adenovirus-mediated gene therapy) does not lead to
chronic inflammation and lymphocyte infiltration. However, in-
jection of RAd-128 followed by ganciclovir administration did
cause a substantial influx of CD8* cells, which was much reduced
in the absence of ganciclovir treatment. Thus, the persistent in-
flammation is a result of the combined effect of HSV-1-TK and gan-
ciclovir, but is not a direct result of the elimination of the tumor
cells itself. Whether this effect will be shown to be specific to aden-
ovirally encoded HSV-1-TK, or whether it will be seen when HSV-1-
TK is expressed by other viral vectors remains to be determined.

Another important finding was the widespread presence of im-
munoreactive HSV-1-TK within ipsilateral and contralateral neo-
cortex and striatum, as well as within ipsilateral glia and
inflammatory cells 3 months after vector injection and ganciclovir
administration. So, HSV-1-TK immunoreactive cells either became
infected after the administration of ganciclovir or are resistant to
HSV-1-TK plus ganciclovir-dependent cytotoxicity. HSV-1-im-
munoreactive neurons had normal morphologies, indicating that
the long-term presence of HSV-1-TK and ganciclovir administra-
tion did not compromise neuronal survival. This contrasts with
sympathetic neurons in culture, in which infection with aden-
ovirus vectors leads to neuronal death in a few days*. Our findings
also contrast with published experiments describing much more
anatomically restricted adenoviral encoded neuronal protein ex-
pression'®192124,
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Surgery can damage vital brain areas, chemotherapy has
very high toxicity, and widespread demyelination is a long-term
consequence of radiotherapy.

Several clinical trials of glioblastoma suicide gene therapy using
retroviruses and adenoviruses encoding HSV-1-TK, in combina-
tion with ganciclovir, are now ongoing'*. Our work has implica-
tions for clinical trials of glioblastoma gene therapy using
adenoviruses expressing HSV-1-TK: effective gene transfer may
occur to as-yet unexpectedly widespread areas of the human
brain; the development of a chronic inflammatory response in
humans could lead to a loss of myelinated fibers; and long-term
persistence of HSV-1-TK could lead to improvements in the clini-
cal trial’s schedule of ganciclovir administration. Extending the
administration of ganciclovir could improve the anti-tumor effect
by allowing killing of transduced glioma cells that have not yet
entered the cell cycle during short periods of post-surgical ganci-
clovir administration now in use. The severity of gene therapy’s
untoward effects will have to be balanced with its increased anti-
glioblastoma efficiency, in relation to the limitations of therapies
now in use.

Methods

Cell culture. The rat glioma cell line CNS-1 was provided by W. Hickey
(Dartmouth Medical Center, Department of Pathology, Lebanon, New
Hampshire)®. The kidney embryonic cell line 293 was obtained from
Microbix Biosystems (Toronto, Canada). The maintenance of the cell lines has
been described*** .

Adenovirus vectors expressing HSV-1-TK, HSV-1-ATK, or (3-galactosidase.
RAd vectors encoding HSV-1-TK (RAd-128) and HSV-1-ATK (RAd-127) under
control of the short immediate—early human cytomegalovirus (sSMIEhCMV)
promoter*** were generated and characterized as described (ref. 27 and
R.A.D. et al., manuscript submitted). Viruses were purified using double-ce-
sium chloride gradients, and titers of 1 x 101 x 10" infectious units (1U)/ml,
and particle/plaque-forming unit ratios of 30 were obtained as de-
scribed'7?*#73¢ 37 An adenovirus purified by double-cesium chloride gradient,
RAd-35, expressing the Escherichia coli 3-galactosidase gene driven by the
SMIEHCMYV promoter, was used as a control virus®. In vitro, CNS-1 cells do ex-
press the transgene HSV-1-TK after infection with adenoviral vectors, and are
sensitive to apoptosis induced after the addition of ganciclovir to infected cul-
tures”.
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Lipopolysaccharide endotoxin (LPS) assay and replication-competent
adenovirus assays. LPS contamination in each RAd stock was assessed by
using the amebocyte horseshoe crab lysate method (E-Toxate assay; Sigma)®.
RAd-127 and RAd-128 had levels of LPS less than 5 milli-endotoxin units
(mEU)/pl; thus, in the 4 pl injected, total LPS was less than 20 mEU. B-galac-
tosidase-expressing RAd-35 had levels of LPS < 2 mEU/pl; thus, in the 4 pl in-
jected, total LPS was < 8 mEU. The amount of LPS needed to produce
inflammatory responses in the brain is several-fold more than the upper limit of
bioactive LPS activity value obtained in our bio-assays®. Our viral volumes in-
jected were essentially LPS-free. The presence of replication-competent aden-
ovirus was tested by the supernatant rescue assay*’. No replication-competent
adenovirus was detected in 2.6 % 10® U of either of the RAd-127 and RAd-128
vector stocks used in our experiments, showing the absence of replication-
competent adenovirus in an amount of vector three times higher than the
total amount of infectious units that were injected in vivo.

In vivo treatment of gliomas. Male Lewis rats (250-300 g in body weight)
were anesthetized with halothane (Zeneca, Macclesfield, UK) and placed in a
stereotaxic frame. A burr hole in the skull was made with a drill 3 mm to the
right of and 1T mm anterior to the bregma. A 5-pl syringe fitted with a 26-
gauge needle was connected to the manipulating arm of a stereotaxic frame,
and 5 x 10% or 10 x 10° CNS-1 cells (in 3 pl phosphate-buffered saline; PBS)
were injected over a 3-minute period into the striatum at the following loca-
tion: bregma +1 mm; lateral +3 mm); ventral -4 mm. The needle was left in
place for another 5 min before being removed.

Viruses were injected into the tumor site 3 d after tumor implantation.
Using the same anterior and lateral coordinates, 1 ul PBS or 1 pl (2 x 10’
IU/ul) RAd-127, RAd-128 or RAd-35 were injected at each of the following
ventral coordinates: -5mm; —4.5mm; —-4mm; -3.5mm. Starting 12 h after the
injection of the viral vector, 25 mg/kg ganciclovir (Cymevene; Roche
Products, Welwyn Garden City, UK) was injected intra-peritoneally twice daily
for 7 d. Rats injected with RAd-127, RAd-128, RAd-35 or PBS (n = 5 per
group) were monitored daily. Any rat showing any sign of morbidity was per-
fusion-fixed, and brains were removed for histological analysis.

In other groups of rats not implanted with CNS-1 tumors, the same
amount of RAd-128 was injected into the brain, and was followed by admin-
istration of ganciclovir or saline for 7 d (n = 3 per group). Rats were perfused
either at 1 or 3 months after adenoviral vector injection.

Histological analysis, fixation, paraffin and plastic sections. Rats were anes-
thetized, and fixed by cardiac perfusion. First, rats were perfused with approx-
imately 200 ml Tyrode solution (0.14 M NaCl, 2.7 mM KCI, 1.8 mM CacCl,,
0.32 mM NaH,PO,, 5.6 mM glucose and 11.6 mM NaHCOj;), containing 10
units/ml heparin (CP Pharmaceuticals, Wrexham, UK). This was followed by
250 ml of 4% paraformaldehyde in PBS, pH 7.4. Brains were removed and
placed in 4% paraformaldehyde for 24 h. Serial Vibratome sections (70 pm in
thickness) were maintained at 4 °C in PBS. Sections were stained with hema-
toxylin and eosin or by Luxol fast blue, or were processed for immunohisto-
chemistry. Alternatively, some rats were perfused with 1% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and post-fixed for
2-3 d. Some of the paraformaldehyde-fixed brains were dissected, and tissue
blocks containing the needle track were embedded on paraffin. Serial sections
were made from each block to define precisely the location of the injection
area. Paraffin sections 5 pm in thickness were stained with hematoxylin and
eosin, with Luxol fast blue myelin stain and with Bielschowski silver impregna-
tion for axons. Immunocytochemistry used the avidin-biotin technique, with
the following primary antibodies: W3/13 (leucosyalin, mouse monoclonal
staining of rat T cells) and OX8 (mouse monoclonal antibodies recognizing
CD8* T lymphocytes)(both from Serotec, Raleigh, North Carolina); and cyclic
nucleotide phosphodiesterase (CNPase; mouse monoclonal SMI 91).
Glutaraldehyde-fixed tissue was dissected into small tissue blocks containing
the injection site. Material was then further fixed and stained in 1% osmic acid
in PBS, and embedded into Epon; 0.5-um thick plastic sections were stained
with toluidine blue.

Immunohistochemistry on vibratome sections. Immunohistochemistry was
done on free-floating sections, as described®*'. Antibodies against GFAP
(Boehringer) and vimentin (Sigma), specific for astrocyte-specific intermediate
filaments, were used to identify astrocytes; and B-tubulin Ill (Sigma, Poole,
Dorset, UK), to detect neurons and their axons. Antibodies against ED1, to
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identify monocytes/macrophages/microglial cells, antibodies against CD3 to
detect total lymphocytes, and antibodies against CD8, which detect CD8 pos-
itive lymphocytes and natural killer cells, and antibodies against CD4, were
from Serotec (Raleigh, North Carolina). HSV-1-TK proteins were detected
using a polyclonal antibody against HSV-1-TK (provided by M. Janicot, Rhone
Poulenc Rorer, Paris, France). Sections were washed twice with Tris-buffered
saline (TBS: 50 mM Tris, 0.9% NaCl and 0.5% Triton, pH 7.4), incubated for
15 min with 0.3% H,0,, washed three times with 2 ml of TBS, incubated for 45
min with 10% normal horse serum (NHS; Life Technologies) in TBS, and
washed briefly for 10 min with 1% NHS in TBS. Sections were then incubated
overnight at room temperature with primary antibodies at the following dilu-
tions in 1% NHS in TBS: antibody against GFAP (1:200), monoclonal antibody
against vimentin clone V9 (1:1,000), antibody against ED-1 (1:1,000), anti-
body against CD3 (1:500), antibody against CD4 (1:200), antibody against
CD8 (1:500), antibody against B-tubulin Il (1:2,000), and polyclonal antibody
against HSV-1-TK (1:1,000). The next day, sections were washed three times
with TBS before being incubated for 4 h at room temperature with a 1:200 di-
lution of the secondary antibody (rabbit antibody against mouse im-
munoglobulins or swine antibody against rabbit immunoglobulins,
biotinylated; Dako, Carpinteria, California). Sections were then washed three
times with TBS before being incubated for 3 h at room temperature with
avidin-biotin complex (Vectastain ABC Kit; Vector Laboratories, Bretton,
Peterborough, UK). Subsequently, sections were washed three times with PBS
and two additional times with 0.1 M acetate buffer, pH 6. Staining was devel-
oped by incubating the sections for 5 min at room temperature with a solution
containing equal volumes of 0.2 M acetate buffer pH 6 containing 48 g/l am-
monium nickel sulphate, 4 g/l glucose, 0.8 g/l ammonium chloride, and 1 g/I
3,3'-diaminobenzidine and 50 mg/I glucose oxidase in distilled water. The
staining reaction was stopped by washing the sections two times in 0.1 M ac-
etate buffer, pH 6, and two additional times in PBS. Sections were placed on
gelatin-coated slides, dehydrated, coverslipped and mounted.

Statistical analysis. Survival data were analyzed by Kaplan-Meier estimator
analysis, and compared using the generalized Wilcoxon test with the
Prentice-Peto algorithm.

Magnetic resonance imaging. Proton magnetic resonance imaging of the
rat brain used a 4.7-T, 15-cm horizontal bore Biospec (Bruker Spectrospin,
Conventry, UK) system, using a 2.5-cm surface coil. During imaging, rats
were kept anesthetized with general anesthesia by means of a gas mixture of
halothane (Zeneca, Macclesfield, UK) and oxygen. To detect tumors in the
brain, axial images, slices 2 mm in thickness, were acquired at approximately
2-mm intervals. The position of the slice of interest, relative to the plane of
coil, was selected by applying a 90° ‘hard’ pulse between 35 and 90 ps in du-
ration. In preliminary studies, T,, T,, magnetization transfer contrast and dif-
fusion-weighted pulse sequences were compared to determine the
conditions required to give optimum contrast between tumor and normal
brain tissue. Although the tumors were detectable in T,-weighted images,
magnetization transfer contrast*>** provided greater contrast and was used in
all subsequent experiments. The magnetization transfer contrast sequence in-
volved the application of a pulse of radiation of 1-s duration, with an offset of
5 kHz and an amplitude of 15 uT. In-plane resolution was 240- X 480-um for
a field of view of 6.2 cm. The superiority of this imaging technique in the de-
tection of gliomas has been demonstrated*.

Detection of adenoviral genome in brain sections using PCR. Adenoviral
sequences were detected in free-floating vibratome-cut brain sections using
polymerase chain reaction (PCR). Sections were digested for 24 h at 37 °C in
10 mM Tris-HCI, pH 8, 10 mM NaCl, 25 mM EDTA, 1% SDS and 4 mg/ml
proteinase K. The proteinase K was heat-inactivated at 95 °C for 10 min, after
which two rounds of phenol:chloroform:isoamyl alcohol (25:24:1) extraction
were done. The genomic DNA was then ethanol-precipitated with 3 M
sodium acetate, pH 5.2, washed with 70% ethanol and then re-suspended in
sterile water contaning 20 pg/ml DNase-free RNase.

Sequences of Ad 5 transcription unit Va2, Ad 5 E1B, HSV—1 TK and B-actin
were detected using four different primer sets. Primers a and b (Fig. 5¢) are
specific to the Va2 transcription unit of the Ad 5 genome and produce a PCR
product of 687 bp. Primers c and d (Fig. 5¢) are specific to the E1B transcrip-
tion unit of the Ad 5 genome and produce a PCR product of 561 bp (ref. 34).
Primers e and f (Fig. 5 c) are specific to HSV-1 TK and produce a PCR product of
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365 bp from TK and ATK. Primers g and h have been modified from a method
for detecting chicken B-actin® and produce a PCR product of 340 bp from
exon 4 of rat cytoplasmic B-actin. In a 50-pl PCR reaction, 5-10 pl genomic
DNA was used in a solution containing 1X PCR buffer (Promega), 200pM
dATP, 200 uM dTTP, 200 pM dCTP, 200 uM dGTP, 2 mM MgCl,, 2 ng/pl each
primer and 1U Taq polymerase (Promega). PCR conditions comprised 35 cy-
cles of 30 s of denaturation, 30 s of annealing, and a 1-minute extension fol-
lowed by another 10 min of extension. The annealing temperatures for primer
pairs a/b, c/d, e/f and g/h were 56 °C, 57 °C, 63 °C and 63 °C, respectively.
The PCR products were separated by 2% agarose gel electrophoresis and were
visualized on a UV transilluminator after being stained with ethidium bromide.
Primer sequences were a, 5'-AAGCAAGTGTCTTGCTGTCT-3'; b, 5'-GGATG-
GAACCATTATACCGC-3'; ¢, 5'-CAAGAATCGCCTGCTACTGTTGTC-3'; d,
5'-CCTATCCTCCGTATCTATCTCCACC-3'; e, 5'-AAAACCACCACCACG-
CAACT-3'; f, 5'-GTCATGCTGCCCATAAGGTA-3'; g, 5'-CCAGCCATGTACG-
TAGCCATCC-3'; h, 5'-GCAGCTCATAGCTCTTCTCCAGG-3'.

Peripheral priming with CNS-1 cells. CNS-1 cells were treated with 2 pg/ml
mitomycin C overnight to arrest cell division. Either 2.5 X 10* mitomycin C-
treated CNS-1 cells (for primed rats) or PBS (for control rats) were injected sub-
cutaneously into the flanks of Lewis rats (n = 4 per group). Then, 30 d later, all
rats were re-challenged by implantation of 5 x 10* CNS-1 cells into the stria-
tum, unilaterally. All rats primed peripherally with mitomycin C-treated CNS-1
cells survived, whereas those primed with PBS died by day 30 after tumor im-
plantation. Surviving rats were perfused 90 d after intracerebral challenge.
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