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Distribution, persistency, toxicity, and lack of replication of
an El1A-deficient gdenoviral vector after intracardiac
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Adenaviral vectors were inoculated via intracardiac injection inta 5- to 10-week-old catton rats (Sigrnodon hispidus) to evaluate the
eitects of systemic delivery, Cotlon rats were chusen as o model because they are semipermissive to the replication of human
adenovituses. The vector used was AdV RSV-tk, a replication-deficient adengvirus with a herpes simplex virus thymidine kinase
gene inserted in the El region, Vector doses were 3 X 10" 3 X 10", and 3 % 10" viral particles per animal with and without
ganciclovir at 10 mg/kg twice a day. Animals were sacrificed and necrapsied at 24 haurs, 7 days, and 14 days postinoculation,
Gross and microscopic pathologic observations in dased groups were compared with an unmamipulated contral group. From each
animal, 17 different organ systems were analyzed for histopathology and vector distribution. The only significant micrascopic
lesions abiserved were epicardial inflammation and splenic hemosiderosis, Vector sequences persisted throughout the 14-day assay
with prepponderance in the heart, lung, and lymphoid organs. Infectious virions were detected for 24 hours, and these virions were
unly detected at the site of injection of twa animals in the highest dose group. No viral replication was detected. Therefore, systemic
delivery of upto 3 % 10" viral particles/kg was well tolerated in this semipermissive hast madel and did not result in any significant

pathology.

Key words: Cotton rat; replication-deficient adenpvirus; systemic delivery; herpes simplex virus thymidine kinase.

he increased use of adenaviral vectors in clinical that scen in humans.! ® Unfortunately, there is currently

gene therapy highlights the importance of many
aspects concerning the interaction of the recombinant
vector with the host. Among these, distribution, persis-
tenge, pathogenicity, and viral replication are primary
concerns that need to be addressed before intentianal or
incidental systemic inoculatiun in humans, Since some of
the toxicity caused by adenoviral vectors may he a rcsult
of residual viral protein expression, analysis in a host
which permits the expression of viral protcins may be
necessary to fully appreciate potential toxicities, Cotton
ruts (Sigmodon lispidus) provide a unigue anima! maode|
that can support the replication of human adenaviruses
(AdVs) and develop a pathological picture similar to
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only onc commercial source uf cotton rats in the U.S.
(Virion Systems, Rockyille, Md); thus, the availability of
this model for the assessment of the gene therapy
applications of adenoviral vectors has been limited.

Adenoviral vectors for cucrent clinical studies have all
been E1A delcted, with bhackbones based on human
AdVs of serotype 2 or 3. For this study, a recombinant of
serotype 5 with the herpes simplex virus lhymfd:’ne kinase
(HSV-tk) gene ll'l"i(![’[ed n the E1A region (AdV.RSV-
tk) was selected.” Cells that express the HSV-k gene
after vector transduction become sensitive (o the cyto-
taxic effect of ganciclovir (GCV).? In the absence of
GCV. AdV.RSV-tk will have only backbune effects and
will represent a more generic version af adenoviral
vectors. In addition. this vector was chosen because it
has been approved fur several human clinical trials
Recombinant DNA Advisory Committee, National In-
stitutes of Health #9412-098, #9601-144, #9602-147.
and #96(2-148) with the potential for inadvertent sys-
temic distribution.
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This study analyzed the distribution, replication, and
pathogenicity ot AdV_RSV-tk after intracardiac delivery
in cotton rats. Despite its common name, the cotton rat
belongs to the Cricctidae family and is more closely
relared 10 hamsters than rats, These animals do nut have
casily accessible peripheral vasculature: therctare. intra-
cardize injection was chosen as a route fur systemic
distribution in this study. A recent study” on the effects
of intramuscular (i.m.) and intranasal (in.) delivery to
cotton rats using 10F plaque-torming units (PFUs) per
unimal delected no vecior sequences after 3 and 21 days,
respectively. Detection after i.n. delivery was limited to
the regional lymph nodes and lungs. The delivery of
wild-type AdV in. resulted in a peak virus load at 3-5
dayy pustinoeulation. with no viral recovery after 14
days. Theretfore. it appeured that the duration of adeno-
viral infections 1n cotton rats was limiled to <14 days,
and also that a duse ot 107 PFUs was well tolerated after
i.m. and i.n. delivery. The vector used in these studics
had a virul particles (v.p.) ta infections unit titer ratio
of = 30. Based on thase data, a dose of 3 X 0% v.p.
wits estimaled 1o be a no-efect dose. and 3 x 10" vp.
was considered a potentially toxic dose for this study.
The time points chasen were day 1 pastinoculation as
the most likely time to find vector sequences, day 7
as the end of GCV treatment. and day 14 as the end of
the likely period fur finding remaining vector sequences.

MATERIALS AND METHODS

Vector delivery and tissue preparation

The vector used for these studies was AJV.RSV-IK. which
was produced at the Bavlor College of Medwine Gene Yector
Laboratory (Houstan, Texas) as previously described” Tlas
veewr iy hused antan ELA-deleted backbone of o Tuman AdY
tipe 3. contuining a Rous sarcoma virus (RSV) promoter
which drives the cxpression of an #3V-tk gene.! ufectious
titers were analyvzed by limiting dilution analysis on the 293
human embrvonic kidaey cell line,"" The (unctivaality ul the
sectar lon was tested by i vt trunsduction of GOV sensitivity
ta Hela cells,

Atotal of 42 5- to [U-week-old cotton rats of either sex were
randomly distributed inta one coniral and L3 treatment graups
of three animals each, Intracardiag delivery of 1TH) ulL el wan
performed by percutancous injection inta the upper lett quad-
raft of the thorax using o tuberculin syringe with o A-gauge
necdle. Cardiace localization af the needle was determined by
blood aspiration prior to vectur injection.

Of the total animals, 3 received phosphate-buffered saline,
15 reeeived 3 X WU v.p, af the vector, 9 reccived 3 % 107 v p.,
and 15 received 3 % " vipo At 24 haurs pustinjection, the
comtrol group and three animals frgm each dose group wore
sacrificed and necropsied. Half of the remaining animals fram
viach dose group reccived GOV by intraperitoneal injection of
1) mg/ke twice «u day for 6 days. At the end of treutment (day
7). three animals frum each group were sacrificed and aeerop-
sied. One animal at 3 % 107 v.p. and another at 3 x 100 v.p,
without GCV died for recasans unrclated to treatment. The
remaining animals were sacrificed and necropsicd an day 14
Al necrupsy, ssumples were taken from blaod. gonads, mesen-
teric nodes, spleen. hidaeys, jiver. brain. thvmus, Tungs. and
heart. in that order. The arder was chosen, starting with those

organs least likely to contain vector sequences and continuing
through those urgans most likely to contain sequences, (o
minimize the potential lfor cross-contamination of the samples
prior (0 palymcrase chain reaction (PCR) analysis. Part of
cach tissue was fixed in 10¢ buffercd formalin for histopatho-
lugic examination. and a portion was quick-frozen for DNA
anulysis,

Histapathology

Gross and microscopic observations in dosed groups were
compared with thase in the contral group. Histopathologic
assessment was performed in a single-blinded fashion on
paraffincembedded sections of kidney, heart, lung, striated
muscle. liver, spleen. thymus, mesentcric lvmph node, brain,
und gonads that were all stained with hematoxylin-eosin,

DNA analysis

DNA isolation was perturmed by the overnight digestion of
~ 100 mg of tissuc with 0.88 mg/mL proteinase K in TES buffer
(G0 mM ris(hydroxymethylJaminomuec thane HCL (pH 2.0), 100
mM ethylenediamingietraacetic acid, und 0.59% sodium dode-
cyl sulfate (D3 at $6°C, followed by treatment with DNAzol
rcagent according to the manufacturer’s instructions (Life
Technulogics. Gaithersburg, Md). Purified DNA way resus-
pended in 1 ¥ TES buffer at 25 ng/L.. PCR amplification was
performed as previously described.’?

The primers fur PCR amplification were directed toward the
RSV-tk/HSV-tk junction of the vector insert sequence (primer
RSV 3718: ACGCCATTTGACCATTCACC; primer HSV
44 CAGTTGOGTGOTGGTGGTTTTC). The identity of
the 319-base pair product was confirmed by an internal olige-
probe (AGCGCOTATGUGCTTCOGTACCCCGGC

Amplificatiun of the cK-ray gone was used as an internal
control of DNA quality using primers that have been previ-
ously  deseribed  (primer - KLI: TATTATAAGGCCTGCT
GAAAATGACTGAAT: primer K2 TTACCTCTATTONL
GGATCATATTCGTCCA, product sige: 135 hase pairs)."?
Primers and probes were purchased  from Genowys (The
Woodlunds. Tuex).

Duplex PCR amplification was performed on 150 ug of
gunamic DNA (~50.000 cell cquivalents) in a 15 pl reaction
mix coutgining 2.3 mM MgCl.. 50 mM KCL, 10 mM tris(hy-
dronvmethyl Jaminomethune HCT (pH 8.3). 0.33 yuM of cach
primer. 33 M of vach deoxynucleotide Iriphophate {USH,
Cleveland. Oho). and | U of Tag polymerase {Fisher Sowen-
tific. Pittsburgh, Penn). Forty rounds uf amplification were
perfurmed in a PTC-100"™ maching (MJ Research, Water
ww . Mass) with @ 94°C denatutation step (30 seconds), a 35°C
annealing step {3 seconds). and a 72°C extension (1 minute).
Euch reaction (7 ul) was electraphoresed in 290 ggarase
(Bio-Rad Laboratories. Hercules, Calif) and visualized by
cthidium bromide staining. Gels were biotied uvemight onto
0.2-um Nytran mcembrancs (Schlcicher and Schuell. Keene.
NH) with 0.4 N NaOH. Next, A1 pmal of the aligoprabe: were
3 end-lubeled in u 50-aL volume reaction with 3 U of T4
polvnuclectide kinase (USB) and 125 uCi [y-"Pladencsine
triphosphate {Amersham. Arlington Heights, 1), Prchybeid-
izationy were perfurmed ot 65°C in 15 mU of hyheidization
buffer (0.5 M Nu . HPO, (pH 7.2). | mM ethvlenediaminstet-
raacetic acid. 77¢ SDS. and 100 pg/mL of fragmented salmon
DNA) for 30 minutes. Hybridizations were completed by
adding the prabe to the preby bridization salution and incubat-
ing overmight wt 63°C. Filters were washed two times for 2
ninutes gl rogm (entperaiate with wash solution (40 mM
Nu.HPO, and 19 SDS). and autoradiography was comnpleted
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Table 1. Vector Sequence Distribution

367

Mesenteric
Day Dose GCV n Blood Brain Gonads Heat Kidney Liver Lungs nodes Spleen  Thymus
1 Baxat No 3 —_— — — 1 - — — — 1 1
3 x 107 No < 1 _— — 3 _— 1 3 1 1 3
3 x 10" No 3 — 1 1 2 — — 3 — 1 2
7 3 x 10° No 3 1 — 1 1 — — 2 1 2 —-—
3x10° Yes 3 2 — — — — — 1 2 1 —
3 x 10° No 2 —_ - — 2 — —_ 2 - - 1
3 x 10° Yes 3 — - o 3 —_ 1 3 — 1 3
310" No 3 2 - — 3 — 2 2 — 2 2
K 10'® Yes 3 — - — 3 - 1 3 2 1 3
14 3 x 10° No 2 — — — — 1 — 1 1 — —
3 x 10® Yes 3 — —_ 1 = —_ 1 3 2 — 3
3x 10"° No 3 — — — 2 1 1 3 1 2
3 x 10'° Yes 3 — — — 3 - 1 3 1 1 2

Numbers indicate the number of tissue samples that were positive from the number of samples tested (n).

overnight on X-Omat AR films (Kodak, Rochester, NY) at
-70°C."?

Plaque assays

Sections of frozen tissues that were found positive for vector
sequences by PCR were thawed. ground, and suspended in |
mL of phosphate-buffered saline. One-tenth of the suspension
(100 pL) was plaqued on a confluent monolaver of 293 human
embryonic Kidney cells in a 24-well plate. These eells are stably
transfected with the adenoviral E1 region; thus, they are able
to form plaques from El-deleted vectors and wild-type virus.”
The detection limit varied according to the organ tested and
ranged from 100 to 1000 PFUs/organ (0.1 X fraction of the
organ tested).

RESULTS
Vector distribution and persistence

Distribution results are summarized in Table 1. The
distribution of the vector was assessed by PCR amplifi-
cation of the junction sequence of the RSV promoter
and the HSV-1k gene followed by hybridization using an
end-labeled oligonucleotide probe for the HSV-tk re-
gion. The sensitivity of this methodology was found to be
I-10 vector particles in the context of 150 ng of cotton
rat cellular DNA (Fig 1).

The vector was most often detected in thoracic organs
(Table 1; lungs, 29 of 37; heart, 23 of 37; and thymus, 22
of 37) followed by other lymphoid organs (spleen. 14 of
37; and mesenteric lymph nodes, 11 of 37), liver (8 of
37), blood (6 of 37), gonads (3 of 37), kidney (2 of 37),
and brain (1 of 37). There was no significant difference
in vector distribution correlated with GCV treatment
(51 of 150 tissue samples versus 42 of 130 tissue samples,
with and without GCV, respectively). The majority of
positive blood samples (5 of 6) were found at day 7, with
no positives detected at day 14. No other time-correlated
differences were observed. Of the tissues from animals
that reccived 3 X 10% v.p., 21% (30 of 140)) were positive
for vector sequences compared with 38% (30 of 80) and
39% (59 of 150) of tissues from 3 x 10" and 3 x 10"
v.p., respectively.
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Gross and histopathology

No gross lesions were observed at the time of nec-
ropsy. Histopathologic findings are summarized in Table
2 (only organs with treatment-related abnormalities or a
high incidence of background lesions are included).

Treatment-related lesions were observed in the epi-
cardium of the heart and in the spleen. The epicardium
wits thickened and contained focal 10 diffuse infiltrations
of plasma cells, lymphocytes, macrophages, and occa-
sional polymorphonuclear leukocytes (Fig 2). Epicarditis
was limited to the top two vector doses. No epicardial
lesions were observed at 3 x 10% v.p. In the spleen, an
increased number of hemosiderin-laden macrophages
was observed in the red pulp of treated animals at 7 days,
but this number returned to normal levels at day 14. A
slight difference in these lesions was observed between
the lower dose groups without GCV (0 of 5) and those
with GCV (4 of 6). The effeets of GCV were not
apparent at the 3 x 10" v.p. dose, where both groups
had an equal incidence of the lesions.

Background microscopic lesions were observed in the
kidney and heart of control and experimental animals.

AdV.

E

X

« > %
o - = o

Figure 1. Veclor detection sensitivity assay. DNA was extracted
from a control cotton rat and quantified by ultraviolet adsorption at
260 nm. AdV.RSV-tk particle concentration was determined by
ultraviolet adsorption using a conversion factor of 1.1 x 10
particles per optical density of a 1:20 dilution. The PCR reactions
were all performed in the context of 150 ng of cotton rat DNA and
were analyzed by Southern blot. CR, cotton rat DNA alone; 10° o
10°, the calculated number of vector particles in the context of
cotton rat DNA; 0, no DNA or vector.
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Table 2. Histopathology Results of Adenoviral Vector Toxicity Study in Cotton Rats

24-Hour necropsy
Control 3 x10° 3 x 10° 3 x 10
AdV AdV Adv
Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sey

Lesions
Kidney
Nephropathy 3/3(1.3) 3/3(1.0) 3/3(1.7) 213 (1.0)
Hemosiderin pigment, tubules
Heart
Degenerative cardiomyopathy 2/3(1.5) 2/3 (2.0) 3/3(1.7) 1/3(1.0)
Chronic inflammation, epicardium 0/3 0/3 073 1/3(2.0)
Acute inflammation, epicardium
Acute inflammation, myocardium 0/3 0/3 1/3 (3.0 03
Spleen
Acute inflammation, red pulp
Hemosiderin pigment, red pulp
The renal lesions consisted of tubular degeneration. DISCUSSION

tubular regeneration, tubular dilatation, protein casts
within tubular lumina, mineralization, and infiltration of
mononuclear cells in the interstitium. This nephropathy
was similar to that described previously in the rat and
mouse.'™'™ The incidence and degree of severity for
nephropathy was similar for all experimental and control
eroups; thus. it was not deemed to be treatment-related.
Spontaneous lesions in the heart were limited to the
myocardium and consisted of myofiber degencration.
mineralization, and infiltration of macrophages and lym-
phocytes. This degenerative cardiomyopathy was similar
to that described with vitamin E deficiency'” and has
been observed before in the cotton rat colony at our
institution (data not shown). The cotton rat appears to
be more sensitive to vitamin E deficiency than mice and
rats.'” Again. there was no significant difference in the
incidence or degree of severity of this lesion between
experimental and control groups. Consequently. it was
determined that this lesion was not associated with the
treatment. Occasional degenerative or inflammatory le-
sions were observed in the lung. liver. spleen. and
thymus but were not corrclated with treatment. No
microscopic lesions were observed in striated muscle,
lvmph nodes, gonads, or brain.

Assavs for intectious adenoviral vectors

All of the tissues that were found positive by PCR
were analyzed for PFUs to detect the persistence of
infectious particles or replication-competent recombi-
nants. PFUs were only detected in samples from the site
of injection of two animals at the highest dose. and were
only seen at the first time point. In the two PEEU-positive
animals, 40 and 120 PFUs were detected from undiluted
samples,

In this study. the distribution and toxicity after the
systemic delivery of adenoviral vectors were analyzed in
a semipermissive host. The only significant microscopic
lesions observed in a time-course analysis of three veetor
doses (3 x 10%, 3 x 10°, and 3 x 10" v.p. per animal)
were in the epicardium of the heart and in the spleen.
The inflammatory changes in the outer portion of the
heart appear to be related 10 the vector and may be
specific to the intracardiac route of administration.
Other routes of administration may not have the same
effect. Splenic hemosiderosis may have resulted from
a hemolylic crisis, visceral hemorrhage, or a defectin
iron metabolism. Since this lesion decreased by day 14
of the experiment, the most likely explanation is that
the vector caused minimal hemolysis, and that the
resulting hemosiderin was cleared by the macrophage
system within a week. Thus, systemic delivery of up to
3 % 10" v.p./kg of AdV.RSV-tk was not significantly
toxic in this animal model, even with concomitant
administration of GCV.
~ In contrast to high liver presence after tail vein
Injections in mice and other animal models, vector
sequences were primarily detected in thoracic organs
near the site of injection in this study. Although this was
surprising. a similar result as observed in another report
of systemic delivery 1o cotton rats.” In that study, vectors
were delivered im. or intravenously. Even though ex-
pression from the vectors was found to be high in the
liver, v.p. were mostly detected in lung and spleen tissue.
The implication of this result is that there may be @
differential between vector DNA presence and the Jevel
ol expression for the vector. Therefore, distribution may
be influcnced by whether it is associated with the veelor
product or vector particles. In another report, Yeietal

Cancer Gene Therapy. Vol 5, No 6. 1998

DY OF INTRACARDIAC ADENOVIRAL DELIVERY "




ROJAS-MARTINEZ, WYDE, MONTGOMERY, ET AL: TOXICITY STUDY OF INTRACARDIAC ADENOVIRAL DELIVERY 369

Table 2. (Continued)

7-Day necropsy 14-Day necropsy
3 x 10° e 3 x 10" 3 X 10° 3 x 10°? 3x10'° 3 x 10% 3x 10%° 3 x 108 3 x 10"
AdV AdVv AdV AdV AdV AdV AdV AdV AdV AdV
w/o GCV w/o GCV w/o GCV w/GCV w/GCV w/GCV w/a GCV w/o GCV w/GCV w/GCV

Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev Inc/Avg Sev

2/3(1.0) 272 (1.5) 3/3(1.3) 373 (2.0)

3/3(2.0) 2/3(1.0) 1/2 (1.0) aBA7) 33013 3/3(1.3)
2/3 (1.5) /3 0/3 0/2 1/3 (1.0) 1/3 (2.0) 113 (1.0)
1/3(1.0) 2/2 (1.5) 3/3(1.3) 2/3(1.0) 2/3 (1.0) 3/3(1.7) 1/2 (1.0) 3/3(2.0) 3/3(1.3) 2/3(1.5)
03 12 2.0) 2/3(3.0) 0/3 3/3 (2.7) 3/3(2.0) 0/2 1/3 (2.0) 0/3 2/3 (1.5)
0/2 03 0/3 1/3 (2.0)

0/2 3 1/3 (4.0) 03
03 0/2 3/3(2.0) 2/3 (2.0) 2/3 (2.5) 2/3(2.0) 0/2 0/3 0/3 1/3 (2.0)

Inc = Incidence of lesion.
Avg Sev = Average degree of severity of lesion.

Severity code (in parentheses): 0 = no lesion; 1 = minimal; 2 = mild: 3 = moderate; 4 = marked.

delivered adenoviral vectors to cotton rats via an i.n.
route. In that study, the vector was only detected in the
lung; it was not detected in any other organs, including
liver. The results from those two reports and the distri-
bution pattern observed here may be characteristic of
the cotton rat model. Another hypothesis is that the
distribution observed may reflect a rapid adsorption of
the vector near the site of injection, especially in the
lungs, leading to minimal distribution to the liver. Alter-
natively, the distribution observed may reflect poor
systemic dissemination by intracardiac delivery, perhaps
due to cardiac muscle uptake. It is unlikely that the latter
possibility is the sole explanation, since the second most
prominent site for vector sequences was lymphoid or-
gans; in addition, there was an apparent peak of vector
presence in the blood at day 7, suggesting some systemic
distribution. Since primary vector distribution may be
limited by vector sequestration from cells that are prox-
imal to the site of injection, selection of the site of
injection may be critical to the design of clinical proto-
cols. A comparative analysis of delivery sites will be
required to address this question.

Surprisingly, there were no discernible differences in
the presence and persistence of the veetor between
animals with or without GCV. This may reflect the
preponderance of quiescent cells i vivo and the rela-
tively innocuous effect of HSV-tk and GCV treatment
on nondividing cells. The only exception to this lack of
apparent GCV effect was seen at day 7 in the two lower
dose groups. Splenic hemosiderosis was not observed in
any of the animals without GCV, while 4 of 6 animals
with GCV had these lesions. This difference was no
longer cevident at day 14, possibly reflecting a temporal
toxic effect on hematologic tissues that is mostly resolved
by day 14. However, the data suggest that at the dose
levels tested here, the tk/GCV treatment is not toxic to
normal tissues.
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Vector sequences were detected in various organs for
the duration of the study. No significant correlation was
observed between the vector dose used or GCV treat-
ment and the distribution or incidence of detection. This
lack of correlation may reflect a stochastic distribution
within the organs treated as well as the limited propor-
tion of cach organ represented by the DNA used for
PCR analysis. However, this possibility would equally
affect the various organs and consequently is unlikely to
have an impact on the comparative results of the
study. Infectious particles were only detected from
two of nine animals and were only seen at the site of
injection at the first time point (24 hours postinjec-
tion). The two animals from which PFUs were de-
tected were from the highest dose group. The absence
of PFUs in the majority of animals and at all later time
points suggests that the injected infectious virions
were not maintained, and that there was no vector
replication in the in vive environment. Thus, it is
unlikely that infectious vector shedding occurs after
systemic in vivo transduction with replication-defec-
tive adenoviral vectors.

In summary, intracardiac delivery of an El-deleted
adenoviral vector at 3 X 107 to 3 x 10" v.p./kg was well
tolerated in a semipermissive host. There was a dose-
and time-related inflammatory response at the site of
injection and dose- and GCV-associated splenic hemo-
siderosis, but this hemosiderosis was resolved by day 14.
No major pathology or viral replication was observed in
any of the animals.
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In Situ Gene Therapy for Adenocarcinoma of the Prostate:
A Phase I Clinical Trial

JAMES R. HERMAN,! HOWARD L. ADLER,' ESTUARDO AGUILAR-CORDOVA,24
AUGUSTO ROJAS-MARTINEZ, -5 SAVIQ WOQ %7 TERRY L. TIMME,' THOMAS M. WHEELER, %
TIMOTHY C. THOMPSON."* und PETER T. SCARDINO'

ABSTRACT

Fur pativaty with locul recurrence of prystute cancer yfter definitive irradiation therapy there is no treutment
widely considered safe and effective. After extensive preclinical testing of prodrug gene therapy in vifrg and
in wivg, we conducted a phase [ dose escalation clinical trial of intraprostatic injection of a replication-defi-
cicat adenovirus (ADY) containing the herpes simplex virus thymidine kinase gene (HSV-#k) injected directly
intg the prostate, followed by intravenous administration of the prodrug ganciclovic (GCV), Qur goal was to
determine safe dose levels of the vector for future trials of efficacy. Patients with a rising serum prostate-spe-
cific antigen (PSA) level and biopsy confirmation of local recurrence of prostate cancer without evidence of
metastases one or more years after definitive irradiation therapy were eligible for the trial. After giving in-
formed consent, patients received Injections of increasing concentrations of ADV/HSA-tk in 1 ml inta the
prostute under ultrasound guiduance. Ganciclovir was then given intravenvusly for 14 duys (5 my/kg every 12
hr). Patients were monitored closely For evidence of toxicity and for response to therapy. Eighteen patients
were treated at 4 escalating doses: group 1 (n = 4) received 1 X 108 infections units (1U); group 2 (m = 5) re-
ceived 1 X 10% 1U; group 3 {(n = 4) received L x 10'9 [U; group 4 (n = 5) received 1 X 10'! [U. Vector was
detected by PCR of urine samples after treatment, increasing in frequency and duration (up to 32 days) as
the dose increased. All cultures of blood and urine specimens were negative for growth of adenovirus. Mini-
mal toxicity (grade 1-2) was encountered in four patients. One patient at the highest dose level developed
spontaneously reversible grade 4 thrombocytopenia and grude 3 hepatotoxicity, Three patients achieved an
objective response, one each at the three highest dose levels, documented by a fall in serum PSA levels by
50% or more, sustained for 6 weeks to 1 year. This study is the tirst to demonstrate the safety of ADV/HSV-
th plus GCV gene therapy in human prostate cancer and the first to demonstrate anticancer activity of gene
therapy in patients with prostate cancer. Further trials are underway to identify the aptimal distribution of
vector within the prostate and to explore the safety of repeat courses of gene therapy.

OVERYIEW SUMMARY nase geme (HSV-ik) injected directy into the prustate, fol-

lowed by intravenous administration of the prodrug ganci-

We conducted a phase | dose escalatien clinical trial of in-  clovir {GCV). Eighteen patients were treated at 4 escalat-
traprostalic injection of a replication-deficient adenovirus  ing doses from 1 x 10* to | x 10''. No or minimal toxicity
{ADV) containing the herpes simplex virus thymidine ki- (grade 1-2} was cncountered in most patients. One patieat
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at the highest done level developed spontaneously reversible
grude 4 thrombocytopenia aod grade 3 hepatotoxicity.
Three patients achicved an objective response, one each at
the three highest dose levels, documented by a fall in serum
PS5A kevels by 50% or more sustained for 6 weeks to L year.
This study is the first (0 demunstrate the safety of
ADV/HSV+k plus GCV gene therapy in human prostate
cancer and the first to demonstrate anticancer activity of
gene thernpy for patients with prostate cancer.,

INTRODUCTION

Enuw STAGE PROSTATE CANCER, localized within the
prustace, may be managed conservatively or treated ac-
tively with radical prostatectomy or irradiation therapy. Of the
184,500 new cases expecied this year, more than 80% will be
carly stage and a third of these will be treated with definitive
irvadiation therapy (Landis er al., 1998). While modem radio-
therapy usually controls the local tumor. some patients will de-
velop local recurrence within the prostate that becomes evident
through a nising serum prostate-specific antigen {PSA) level and
a pasitive needle biopsy result in the absence of cvidence of
metasiases. For the estimated 10,000-15,000 patients with lo-
cal recurrence each year, there is no accepted, standard treal-
ment. Androgen ablation, whether early or delayed, is pallia-
tive and radical prostatcctomy. although sometimes curative,
carries substantial risks (Rogers er al., 1995). Transfer or in-
sertion of genes that (L) resuit in the activation of prodrugs te
produce cytotoxicity (Moolten, 1936; Moolten and Wells,
1990). (2) replace inactivated tumor suppressor genes (Bacchi-
etti and Graham, 1993; Wills et al., 1394; Zhang et al., 1994),
or {3) stimulate the immune system (Vieweg ef al., 1994), of-
fers new, potertially effective therapeutic approaches to the
treatment of prostate cancer. One method of cytotoxic gene ther-
apy is viral transduction of the herpes simplex virus thymidine
kinase (HSV-#&) gene followed by systemic administration of
the oucleoside analog ganciclovir (GCY). The HSY-tk gene
product phasphorylates GCV, which is incorparated into DINA
during cell division and leads to cell death. Mareover, the num-
ber of cells killed significantly exceeds the number of cells
transcuced with the HSV-tk yene (Freeman ef of , 1992). This
phenomenon, the “bystander effect,” may be caused by the pas-
sage of woxic metabolites across gap junctions, the uptake of
the products of apoptotic bodies, a local immune response,
andfor inhibition of endothelial cells (Freeman ei al., 1993; Vile
et al.. 1994: Elshami #f al.. 1996; Hamel er af., 1996; Ramesh
efal.. 1996a.b). Adeauviral HSV-i/GCV gene therapy has been
reported in clinical trials of paticnts with brain tumors (Alavi
et al., 1998), mesotheliomas (Sterman er al., 1998), and ovar-
1an carcinomas (Alvarez and Curiel, 1997).

We demonstrated significant cytotoxicity induced by H3V-
/GCV in both mouse and human prostate cancer cells in vitro
and in mouse prostate carcinomas in vivo (Eastham er al., 1996).
HSV-tkiGCV treatment-induced cytotoxicity in vivo was ac-
companied by increased areas of necrosiz, increased numbers
of apoptotic bodies, and extensive immunocyie infiltration rel-
ative to controls. In addition, we produced significant growth
intibition of local prostate cancer together with suppression of
spontancous and induced metastases, in an orthotopic in vive

HERMAN ET Al.

mouse model of prostate cancer when the vector was injected
directly (ir siru) into local tumor within the prostate gland (Hall
et al.. 1997). Further. we have reported no systemic spread and
minimal local wpread of the adenoviral vector within the geni-
tourinary system in our mouse madel [Timme et al., 1998). To
determine the efficacy of this form of suicide yene therapy
against human prostate cancer, we initiated a phase | dose ¢s-
calation trial of a replication-deficient adenoviral vectar carry-
ing the HSV-tk gene followed by the intravenous administra-
tion of GCV in men with loczl recunence of prostate cancer
after ircadiation therapy (IND 6536). Herein, we report the re-
sults of this wial.

MATERIALS AND METHODS

Treatment protocol

The protocol was approved by the Baylor Institutional Re-
view Board (IRB) (H-3828) on April 3. (995 and by the Food
and Drug Administration (BB-IND 6636) on May 1, 1996, Pa-
ticnts revicwed the informed consent document and were indi-
vidually counseled before agreeing to participate in this study.
Counscling included a thorough discussion of altemative treat-
ments including watchful waiting, salvage radical prostatec-
tomy, cryasurgery, and androgen ablation.

Eligibility criteria

Patients were eligible for this phase [ clinical trial if they had
evidence of local recurrence of cancer within the prostate,
pruven by biopsy, at lcast 1 year after completion of irradiation
therapy. They must have had evidence of a biclogically active
tumor with a dsing serum PSA level un at least three occasions
at least 2 weeks apart, Patients must have had no evidence of
metastases (a mormal serum acid phosphatase, pelvic and ab-
dominal camputenzed tomography [CT| scan, and normal bone
scan). Any area causing suspicion of metastatic disease on bone
scan was evaluated by appropriate plan radiographs and/or
magnetic resonance imaging (MRI) studies of the area. Patients
must have had adequate baseline organ function amd coagula-
tion factors. Patients were excluded if they cver received hor-
monal therapy (androgen deprivation) or hud dJepressed
hematopoictic function (platelet count, < 100,000/cm?; hemo-
globin, < 8.5 mg/dl; absolute neutwwphil count, < 1000/cm’).

Vector

The vestor used was an adenovirus uf serotype ADS5 that
contains the herpes simplex virus-thymidine kinase gene and a
Roug sarcoma virus long terminal repeat promoter in the region
of the excised EL/E2 wild-type adenoviral genes. The aden-
aviral vector way constructed as described previously by Chen
et al. (1994). It was produced in the Baylor College of Medi-
cine geas vector laboratory, in accordance with good manu-
facturing practice (21 CFR210 and 211}. The vector was char-
acterized for purity and potency for clinical use. It was found
to be free of adventitious contaminants, including replication-
competent adenoviruses at up 1o | X 10'" viral particles (VPs).
The infectious unit ([U) titer was calculated at 1 X 10'! [U/ml-
with a vectar particle content of 2 X [0'? VPs/ml; thus, it had
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an approximate VP:JU ratio of 20;:1 (Nyberg-Hoffman ¢t of..
1997). Once produced, it was stored ut —80°C and was diluted
to the dose specified for cach patieat cohort.

The prodrug ganciclovir (Cytavene-Syntex, Palo Alto, CA)
i5 Food and Drug Administration (FDA) approved for treatment
of cytomegaiovirus (CMV) retinitis in the immunacompro-
mised patient and for prevention of CMV disease in transplant
patients at risk. The planned dose used in this study was 3 mg/kg
every 12 hr for a total of 28 doses.

Course of treatment

The predominant focus of cancer within the prostate of each
patient was identified from the digital rectal examination, trans-
rectal sonogram, and svstematic needle biopsy results. Patiears
were admitted to the hospital on the day of vector njection. Af-
ter preparation with oral antibiotics (ciprofloxacin 500 mg
orally every (2 hr, 24 hr in advance), and a phosphate encma
the moming of the injection, all patients were given a single 1-
mi injection of vector into the prostate gland in the region
judged to have the greatest concentration of tumor-bearing tis-
sue. The dosc of ADV/HSY-k viral gene vector was increased
for each group of patients. Group | (patients 3-1 through 8-4)
reccived an injection of | X 103 IUf of vector; group 2 (patients
9-1 through 9-5) received [ x (0% [U of vector; group 3 (pa-
tiznts 10-1 through 10-4) received | X 10" [U of vector; graup
4 (patients 11-1 through 11-5) received [ X 10'" [U of vector,
See Table [ for patient disease status at diagnosis and at study
cntry.

Parenteral ganciclovir infusions were started 24 hr after vec-
tor injection. The protocol included daily uninalysis and cul-
tures for adenovirus in the serum, sputum, and urine, as well
as sertal hematologic and hepatologic studies. Vector shedding
in uring was defermined by DNA isolation followed by poly-
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merase chain reaction (PCR) amplification with vector-specific
primers as previously described (Timme er ai., [998),

Tumor progression was cvaluated by serum PSA immedi-
ately prior to the injection on day 0, and on days 2, 7, and 145
at § and 12 wecks; at 6. 9. and 12 months; and every &6 months
thereafier. Digital rectal examinations and transrectal sono-
grams of the prostate were performed at 2, 6, and 12 weeks: at
§, 9, and 12 months; and every & months thereafer. Transrec-
tal ultcasound-guided systematic needle biopsies of the prostate
were perfarmed at the end of the 2-week course of ganciclovir,
at 3 months, and at 1 year. Pathology slides before and after
treatmen! were interpreted by the study pathologist (T.M.W.).

Toxicity was graded accurding to the Cancer Therapy Eval-
uation Program (CTEP) common toXicity criteria published by
the National Cancer Institute. All patients wha experienced
grade 3 Or greater toxXicity were immediately reported (o the In-
stitutional Review Board and ta the FDA,

RESULTS

Eighteen patients were enrolled in the protacol between Au-
gust 1996 and August 1997 (sec patient profiles in Table 1).
No patient has been lost to fallow-up. Seven additional patients
were evaluated but were ineligible or declined participation:
three patients had metasiases, one patient chose cryotherapy,
two patients did not have evidence of local cancer recurrence
by systematic biopsy {each had two biopsy s¢ssions). and one
patient had radiation proctitis and was unable to tolerate the
transrectal ultrasound probe. The firsi 11 treated patients were
hospitalized for the entire course of weatment. The next five
patients were discharged with home health care-assisted ganci-
clovir infusions after they met the following criteria; (1) no ev-

TapLE 1. PATIENT DisEASE STATUS AT LhAGNOSIS AND AT STUDY ENTRY

Diagnosis Study entry

Daie Clinical ~ Gleason Age Clinical  Gleason
Paticnt  (ma/yr) Hage* grade PSA  ({vears) Date sfage® grade P3SA
Group - 81 1290 T2 N/Aa {A 72 8/28/9% T2 T 4.2
Dose 3-2 1/39 T2 5 .7 76 9/25/96 ™ 7 17.8
1 x 108 3-3 1795 T2 7 11.B 37 10715796 T2 7 5.7
84 3593 T2 3] 6.6 Tl 10/15/96 T2 ] 4.2
Group 2: 9-1 191 T2 N/A 10.7 75 11712798 T2 7 3.3
Dose 9-2 892 T2 N/A 324 61 11/12/96 Tic 7 7.9
1 x 10¥ 9-3 7/93 T2 N/A 8.1 ! 11712196 T2 7 10.5
94 793 T 8 23 70 12/5/96 T2 3 2.4
9-5 o9l T2 /A N/A 71 1275196 T2 ) 3
Group 3 10-1 1490 T2 6 241 75 1/14/97 T2 7 6.1
Dose 10-2 10/89 T2 4 17.6 62 1/28/97 T2 7 92
1 x 109 10-3 8/92 T2 7 11 63 3 T2 3 33
i0-¢ 290 T2 5 30.3 3 4730197 Tlc 8 10.0
Group 4 -1 291 T3 7 15.2 3 5U9 T2 7 12.5
Duse 11-2 5¢94 T2 3 9 7 6/2/97 T2 7 13.8
1 x 10" 113 695 T2 6 1.2 72 /11197 T3 7 6.5
11-4 (P T3 8 19.3 69 626197 T2 8 4.4
11-5 T T3 6 NiA 69 /14191 T2 7 13.9

*5tage is UNCC clinical TNM stage.
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TabLE 2. SuMMARY oF Toxicry puriNG Prase | Gene Therary Crinicar Trian
FOR RECURRENT PROSTATE CANCER

Patient Toxiciry Grade Ourcome
9-1 GGT (<1.5 times normal) 1 Resolved following completion of ganciclovir
10-1 and 10-2 Shaking chills 1 Resolved within 24 hr
10-4 Cellulitis 2 Resolved with intravenous antibiotics
I1-1 and 11-2 Mild ALT/AST elevation I Resolved spontaneously following
completion of ganciclovir treatments
11-3 Fever 2 Resolved with intravenous antibiotics
11-5 Fever, GGT, and LDH 2 Resolved with intravenous antibiotics;
elevation ganciclovir started within 48 hr
Total bilirubin, ALT/AST, 3 Resolved with early termination of
alkaline phosphatase ganciclovir (7 days)
elevations
Thrombocytopenia 4 Resolved; required platelet transfusions for

5 days

Abbreviations: GGT, y-Glutamyltransaminase: LDH, lactate dehydrogenase; ALT, alanine aminotransferase;

AST, aspartate aminotransferase.

idence of adenoviral vector as determined by PCR in two con-
secutive urine samples and (2) no evidence of toxicity.

Toxicity

No patient in group | experienced any toxicity; toxicity lev-
els for the first 17 patients were grade 2 or lower (see Table 2).
One patient experienced a temperature of 103.3°F (grade 2 tox-
icity) the night of vector injection. The patient was placed on
parenteral gentamicin, ampicillin, and Flagyl (metronidazole):
he promptly defervesced and completed a 1-week course of oral
ciprofloxacin. All blood, urine, and nasal cultures were nega-
tive for bacterial, fungal, and viral organisms. Parenteral gan-
ciclovir was started 72 hr after vector injection, and the patient
completed the full 28-dose course without further sequelae. An-
other patient developed cellulitis (grade 2 toxicity) at an intra-
venous site that required readmission and treatment with par-
enteral antibiotics.

Standards
(vp/ml)

One patient (11-5) experienced grade 4 toxicity. The patient
was injected with | X 10'! [U of adenoviral vector and devel-
oped a fever of 101.5°F early the following moming. He was
placed on intravenous ampicillin, gentamicin, and Flagy] for 48
hr and promptly defervesced. A 1-week course of oral
ciprofloxacin was then prescribed. All nasal, urine, and blood
cultures were negative for bacterial, viral, and fungal infection,
and all hematologic parameters were normal at this time. Par-
enteral ganciclovir infusions were started 72 hr after vector in-
jection. On the second day of ganciclovir, the patient com-
plained of myalgias and developed a low-grade fever of
100.2°F. Physical examination and laboratory tests remained
within normal limits. On the seventh day of ganciclovir infu-
sion, however, the patient was again febrile to 100.8°F and com-
plained of myalgias. Tests showed thrombocytopenia of 52,000
platelets per microliter, leukocytosis of 22,000 lecukocytes per
microliter, and abnormal liver function tests (alanine amino-
transferase [ALT], 94 mg/dl; aspartate aminotransferase [AST],

Patient Sample
(days)

MW 0 10° 10" 102 10° 104 105 10° 0 1 2 N

FIG. 1.

< 319bp
<135 bp

Ethidium bromide-stained gel for visualization of polymerase chain reaction (PCR) products to determine extent of vi-

ral shedding in patient urine (patient 10-3). Patient sample days correspond to the day before vector delivery (day 0) and the first
and second days after vector delivery. 319 bp, the size of the RSV/HSV-tk amplified junction for detection of vector targets; 135
bp. size of K-ras amplificd product (internal control): N, negative control (water); vp/ml, vector particles per milliliter: MW,

molecular weight standard.
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117 mg/dl: alkaline phosphatase, 129 mg/dl. and lactate dehy-
drogenase [LDH|, {059 units per liter). The ganciclovir was
discontinued, as were all other medications (gemfibrozil). The
platelet count subsequently fell to | 0,000 per microliter. Platelet
levels were supported with five platelet transfusions for what
appeared to be peripheral consumption. By day 16, the leuko-
cyte count had returned to normal, the patient’s somatic symp-
toms had resolved, and liver function tests and platelet count
had improved.

The patient never appeared toxic and had no evidence of
bleeding asvaciated with his low platelet count. A full evalua-
tion for sepsis and disseminated intravasCular coagulopathy
were neyative. A CT xcan of the abdomen and pelvis revealed
no ¢vidence of abdominal or pelvic pathology, and a bone mar-
row biopsy was nummal. These findings are not typical of gan-
ciclovir woxicity.

Vectar shedding

Daily viral cultures for wild-type adenovirus in serum, ear,
and nasal swabs were consistently negative in all patients.

Faour or more consecutive daily unine samples for each patient
were examined For the presence of adenaviral vector by PCR for
the thysnidine kinase gene (see Fig. 1). Vector detection in urine
was dase dependent. Unine tests (test sensitivity of 10 to 100 vi-
tal particles per milliliter) were negative for the viral vector in
the lowest dose group {1 X 108 [U). At 1 x 10° [U, two of five
patients were positive on day | only (Table 3). At 1 x 109 [,
threr of four were positive, one until day LL Andat { X {Q" IU
all five patienls were positive, one until day 32,

One patient af the 18, from group 4, was able to produce a
semen sample for analysis. The sample was positive for vector
by PCR at |4 days postinjection.

Efficacy

Serum PSA levels (normal -4 ng/ml) were obtained on the
day of study entry and un days 2, 5, 7, and 14; at 6 and 12
weeks; and at 6, 9, and 12 months following entry inta the study.
Figure 2 plots the serurn PSA levels in each patient frum 100
days befoce study entry until | year after, or until subsequent
anticancer treatment was initiated. All patients had a rising
serum PSA level before study entry. There was no immeadiate
rise in serum PSA in vesponse to vector injection inwo the
prostate. No changes in PSA levels were noted at the lowest
vector dose level (group 1, 1 X 10%) (Fig. 24). At 1 X 109, |
patient (9-3, Fip. 2B) cxhibited a fall in PSA levels from 10.5
ng/ml at study entry to 4.6 ng/ml |2 weeks later. Subsequently,
the levels steadily rose. One patient at 1 X 10'? (patient 10-1)
showed a precipitous fall from 6.1 ng/ml to a nadir of 3.0 ng/mi
at 6 weeks. At the highest dose level (gronp 4) the fiest patient
([1-1) showed an immediate decline from 12.5 ng/m! to a nadir
of 4.8 at 12 weeks. The PSA remained less than 50% of the
level at entry | year later (Fig. 2D). In summary. three paticnts
(| each from proups 2, 3, and 4} had a greater than 50% de-
crease in PSA levels lasting from 6 weeks to more than 1 year.

Digital rectal examination and transrectal ultrasound were
performed on all patients at routine intervals, No consistent
changes were noted in the size of the prostate over time. OF
note was the appearance of a cystic cavity at the site of veclor
iRjection detected in patient 1 1-1 at & months postinjection (Fig.
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TaABLE 3. Last Dar ofF VECTGR-POSMIVE
Uring as Dererminen 8y PCR

Patient Fosi-injection day
3-1 Never positive
8-2 Never positive
33 Never positive
g4 Never positive
9-1 Never pusitive
9.2 Never positive
93 1
94 Never positive
9-5 1

10-1 11

10-2 Never positive

10-3 4

104 6

11-1 14

11-2 9

11-3 I

114 32

(-5 4

3A and B). Systematic needle biopsics of the prostate were per-
formed at 2 weeks, 12 weeks, and | year. No patient had com-
plete histologic regression of cancer. [n one paticnt at the high-
est dose level (patient L1-1) the biopsy at 2 weeks showed
exlensive necrosis (Fig. 3D). However, the subsequent biopsy
at 12 weeks showed persistent cancer.

Several patients have been treated for progressive prostate
cancer subsequent 1o this phase [ wial. Patients 8-3 and 8-4 had
a salvage radical prostatectomy for pathologic T3INOMO
prostate cancer, The surgical margins were negative. Hormonal
manipulation (androgen ablation) was initiated in three patients
tar rising serum PSA level (9-4), lymph node metastases on CT
scan (10-2), and visceral metastases on ProstaScint (Cytogen
Carporation, Princeton, NJ) acan (11-2).

DISCUSSION

This ¢linical trial was the result of a systematic plan to de-
velop gene therapy for prostate cancer by our research group.
Woo and colleagues modified HS V-tk plus ganciclovir for use
with an adenoviral vector with activity when injected in situ
into a varicty of tumors in animal models (Chen er al., 1994).
Thompson and colleagues demonstrated activity of this form of
HSV-tk/GCV gene therapy against mouse and human prostate
cancer <ell lines in vitro (Eastham et al., 1996). Using cell lines
frum the mouse prostate reconstitution (MPR) model of prostate
cancer, this group next demonstrated growth suppression of the
local twmor and prolungation of survival in an orthotopic model
system (Hall ef ai., 1997). These effects were enhanced by con-
comitant androgen ablation (Hall er al., 1999). Remarkably, a
single course of gene therapy administered fn sity into the tu-
mor in the prostate also led 1o systemic activily against spon-
taneous and induced metastases (Hall er al.. 1997). There was
no systemic toxicity or evidence of toxic effects in other geni-
tourinary organs and no evidence of vectar in sperm in these
mice (Timme et al., |998).
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FIG. 2. Prostate-specific antigen (PSA) values of the study patients, beginning 100 days prior to swdy enuy aad continuing
through the last evaluation. All vidues are in nanograms per milliliter. Downward arrows indicate dute of injection of vector. Pa-
tient data are reported by vector dose group. All paticdts received a single injection of vecter, A, Patients ¥-1 through ¥-4 re-
ceived | X 10% infectious units (U) wector. B. Patients 9-1 through 9-5 received 1 X 0% [U vectar,

Ax a result of this favorable preclimical ¢xpericnce, we ini-
tiated a phase [ dose escalution trial of ADV/HSV-tk with the
intravenous administration of gancickovir. selecting men with
local recurrence of prosiate cancer after definitive irradiation
therapy for whom nu widely accepied standurd form of therapy
in available. Alternatives include salvage radical prostatcctomy
orcryatherapy, which carry substanual risks, und watchful wair-
ing or androgen ablation, which are pallistive (Rogers ef f.,
1995). The bivlugical activity of prustaie cancer in this setting

can be demonstreied by a consistently rising serum PSA level
and biopyy evidence of viable cancer. Local rather than distant
recurence can be verified by bone scintigraphy. abdominal and
pelvic CT or MRI imaging. and in selected cases by a mono-
clonul antibody scan (ProstaScint). Sinee ADV/HSV-IGCY
therapy cannot be administered sysiermicully. we wanted to in-
vestigute the safety und efficacy of this form of gone therapy
given intralesionally in men without clinicully apparent metas-
tases. With nu previous information about intraprastatic injec-
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FIG. 2. Confinued. C. Patients 10-1 through 10-4 received 1 x 10'° [U vector. D, Patiencs 11-1 through 11-5 received 1 X

10'! U vector.

tions of ADV/HSV-tk, we did not want to treat men with newly
disgnosed prostate cancers, for whom several well-efined
management stratcgies are available (Scardino and CUrayhack,
1994).

We campleted the trial in 12 months, enrolliog 18 patients.
The regimen proved safe, with minimal toxicity in the first 17
of 18 planned patients (Table 2). Oune patient at the highest dose

level (1 X 10'! [U) experienced grade 4 toxicity with throm-
bucytopenia und hepatotoxicity, possibly related to extravasa-
tion of the vector mtravascularly duriog the injection. These
complications resulved and this patient had no further seque-
lae. Une of these patients (11-1) developed a cystic cavity
within the prostate, evident sonographically in the area of the
intralesional injection, that persisted during 9 months of follow-
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FIG.3. Transrectal ultrasound and biopsy of patient 11-1, who had an objective response to the therapy. (Bl, Bladder; TZ, tran-
sition zone of the prostate; PZ, peripheral zone of the prostate.) (A) Transverse view of prostate following vector injection (ar-
rowheads outline border of prostate). (B) Transverse view of prostate 6 months after therapy shows cystic cavity (C) at the site
of vector injection (arrows, + and > symbols indicate cystic arca)

up. Since only one of five patients experienced grade 3 or 4
toxicity at | % 10" U, we believe that dose is safe when HSV-
tk 1s given as a single injection imto the prostate.

HSV-1k plus ganciclovir has been shown to be safe in clin-
ical trials in patients with braim tumors, ovarian cancer, and
mesothelioma. We are not aware. however, of other published
trials of gene therapy that show ewidence of activity against hu-
man prostate cancer (Scardino er al.. 1998). Three patients
(9-3, 10-1, and 11-1) had a decrease in serum PSA levels by

more than 50% for periods ranging from 45 to 330 days despite
steadily increasing PSA levels for more than 100 days before
treatment (Fig. 2). No patient received any other anticancer ther-
apy during the trial.

A decline in the serum marker PSA hy more than 50% over
three consecutive measurements two or more weeks apart has
been associated with prolonged survival in several clinical tri-
als of systemic therapy for hormone refractory prostate cancer
(Kelly er al., 1996), and seems a reasonable indicator of re-
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FIG. 3. Continued. (C) Photomicrograph of pretreatment biopsy of the left midportion of the prostate shows viable cancer (Ca).
(D) Necrotic tumor tissue (N) on biopsy of the same region 2 weeks following vector injection. Original magnification: X 100.

sponse in this trial. PSA is less valid as a marker of response
when antiandrogen therapy is first introduced, since this hor-
monal manipulation may block expression of PSA as well as
reduce tumor mass (Arai ef al., 1990). While senal transrectal
sonograms showed no consistent changes in overall prostate
size over lime, even among those who responded with a de-
crease in PSA levels, ultrasound was not sensitive enough to
evaluate changes in tumor size in these patients (Egawa er al.,
1992). We also measured serial changes in the length of the tu-
mor in the sysiematic biopsy specimens. Again, this parameter
did not provide consistent results.

Despite the apparent success of this trial, there are several

caveats. We did not eradicate prostate cancer from any patient.
Other, well-described forms of therapy can effectively remove the
local tumor in similar patients, albeit with appreciable risk of mor-
bidity (Rogers er al., 1995). We were not able to evaluate whether
ADV/HSV-tk gene therapy had any antimetastatic effect in these
patients, and it is not clear whether ADV/HSV-rk gene therapy
will also be active against hormone-refractory prostate cancer.
Also, we did not investigate the mechanism of activity in this trial.
A direct, mechanical effect of intralesional injection of | ml seems
unlikely. In our animal studies, intralesional injection of vector
alone in a volume comparable to the size of the orthotopic twmor
was not effective in controlled trials.
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Also in this article, we do not include an evaluation of the
etlicacy of pene transfer or of immunological response to HSV-
tk plus GCV therapy. We had previously reported these activ-
ities in preclinical studies using fr vive mousc prostale cancer
models (Eastham er al., 1996; Hall er al., 1997). We intend o
compare the efficacy of gene transfer in this selected subgroup
of patients with others as well as to evaluate an extended im-
mmnological response to this gene therapy pratocol and report
these data at a later tirne. Therefore, to what extent any antitu-
mor effect can be attributed o the direct cytotoxicity or  im-
munological mechanisms remains under investigation. How-
ever, it seems unlikely that the sustained response seen in
patient 11-1 would have been due to direct cytotoxicity alone.

We selected for this investigational protocol patitmts with lo-
«cal recurrence of prostate cancer after definitive irradiation ther-
apy because no standaed therapy is widely considered safe and
effective in this situation. About one-third of men treated for
clinically localized prostate cancer each year are treated with
definitive radiotherapy. In 1998, 184,500 new cases of prustate
cancer are expecied to be diagnosed (Landis et al., 1998}, abowt
80% of these will be localized at diagnasis. More than 50,000
mien in this country are ueated with definitive radiotherapy each
year. OF these, at least one-third will develop progression within
3 years. and about hall of these will have local recumrence only
with no evidence of metastases (Kupelian er al., 1997). Thus,
we cstimate that some WX patients per year face the dilemma
of 1ocal recurvence of cancer after definitive radiotherapy.

Prostate cancer, among the solid tumors, may be particularly
suitabie for gene therapy. The organ is expendable after repro-
ductive needs are met, the primary tumor is readily accessible
bath for intralesional injections and for repeat biopsies, and a
well-characterized circulating marker of response (PSA) is
readily available. Gene therapy appears to cause little morbid-
ity and couid be upplied repeatedly to palliate these slow-grow-
ing cancers long enough for patients to live out their natural
lives even if the cancer is not completely eradicated. In addi-
tion, limited. occnlt micrometastases—the major cause of treat-
ment failure—may be particularly susceptible 1o gene therapy
strategies that augment the immunogenicity of tumor cells and
thereby elicil systemic anti-tumor immunity (Hall et al.. 1997,
1999). Intraprostalic injections can be administered without
anesthesia in an outpatient sonography room, ganciclovir can
be administered intravenously in an outpatieat infusion center,
and the paticuls <an be monitored in the outpaticnt clinic; thus
the cxpense of this therapeutic regimen is manimal. If this form
of gene therapy can be shown to be effective in larger phase II
trials, other possibilities for its use might include treatment in
conjunction with androgen ablation befare radiation therapy,
and primary trestment for low-risk cancers in young raen or for
high-risk cancers in aldec men or those with serious comocbid
conditions.

While we saw some evidenoe of acitivity in this phase T tial,
intralesional injection at a single site is unlikely lo provide ad-
equate contrul of many prostate cancers. Since canver of the
porstale is multifocal, and the location of cancer within the
prostate cannot be determined accurately, optimal therapy will
likely require a uuniform distribution aof the vector throughaout
the glund. Conseyuently, we have extended the clinical trial w0
explore the safety of multiple sites of injection and repeat in-
jections. Sinoe the distribution of the vector uround 2 line of in-

HERMAN ET AL,

jectian is not known, we also plan to administer two different
doses of the vector alone several days before radical proste-
tectomy to examine its distribution within the removed prostase.
In an additional tnal, we also plan to treat men with high-tisk
cancers (defined by their clinical stage, Gleason grade, and
serum PSA level) (Kattan etal., 1998), with ADV/HSV-t/GCY
gene therapy 4-6 wecks prior to radical prostatectomy. The dis-
tribution of necrosis und apaptosis within the cancer will be de-
termined along with a detailed analysis of the local immune re-
sponse. These swudies should sllow us to develup an opuimal
strategy for delivery of the vector within the prostate. Addi-
tional preclinical studics should also establish a rationale for
the use of ADY/HSV-/GCY therapy in combination with
ather gene therapy approaches designed 1o enhance and/or sus-
tain the local and possible systematic therapeutic effects.

in conclusion, gene therapy via an intraprostatic injection of
ADVYMASY -tk with the intravenaus administration of the pro-
drug GCV 13 safe in patents with prostate cancer. Early evi-
dence of cfficacy suggests we should proceed with trials that
will evaluate the utility of this form of gene therapy as primary
or adjuvant treatment for prostate cancer. While no single form
of gene therapy is likely to prove sufficiendy efficacious, our
favorable experience with this fonn of gene therapy for prostate
<ancer may have implications For the reatment of other human
malignancies.
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Thymidine kinase (TK) gene therapy of solid

tumors: valacyclovir facilitates outpatient
treatment,
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Ramazy I, Aguilar-Cordova E, Kieback DG
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BACKGROUND: In a Phase I study replication-deficient
adenovirus containing the herpes simplex virus (HSV)
thymidine kinase (TK) gene (AdV-HSV-TK) was instilled
intraperitoneally in patients with recurrent ovarian cancer.
Patients were treated with Acyclovir (ACV) or Valacyclovir
(VCV) as enzymatic substrates. The purpose of this study
was to compare serum levels of ACV and VCV. PATIENTS
AND METHODS: The antiherpetic prodrug and Topotecan
(1.0 mg/m2 over 30 minutes each day for 5 days) were
started 24 hours after vector application. Eight patients
received ACV (15 mg/kg i.v. over one hour every 8 hours for
42 doses), two patients were started on ACV for 5 days and
then switched to oral VCV (2 g every 8 hours for a total of
42 doses). Blood samples were obtained 20 minutes prior to
each drug. RESULTS: Serum levels of ACV and VCV
(converted to ACV) were comparable. CONCLUSIONS:
Suicide gene therapy with TK is under investigation in a



variety of solid tumors. Replacing ACV by VCV will offera
cost-effective alternative and will significantly reduce
duration of hospital stay improving quality of life and
facilitating an outpatient gene therapy concept.
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Phase | Study of Adenoviral Delivery of the
HSV-tk Gene and Ganciclovir Administration
in Patients with Recurrent Malignant

Brain Tumors
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Bewween Dacomber 1996 and September 1998, 13 patients with advanced recurrent malignant
brain tumors (9 with glioblastoma multiforme, 1 with gliasarcoma, and 3 with anaplastic astrocy-
toma) were treated with a single intraturmnaoral injection of 2 X 10°, 2 % 10'%, 2 x 10", or 2 % 10"2
vector particles (VP) of a replication-defective adenoviral vector bearing the herpes simplex virus
thymidine kinase gene driven by the Rous sarcoma virys promoter (Adv.RSVik), followed by
ganciclovir (GCV) treatment. The VP to infectious unit ratio was 20:1. Qur primary objective was to
determine the safety of this treatment. Injection of Adv.RSVtk in doses <2 x 10" VP, followed by
GCV, was safely tolerated. Patients treated with the highest dose, 2 x 10'* VP, axhibited central
nervaus system toxicity with confusion, hypanatremia, and seizures. One patient is living and stable
29.2 months after treatment. TwWo patients survived >25% momths before succumbing to tumor
progression, Ten patients died within 10 months of treatment, 9 from tumor progression and 1
with sepsis and endocarditis. Neurgpathologic examination of postmortern tissue dernonstrated
cavitation at the injection site, intratumoral foci of coagulativa necrosis, and variable infiltration of
the residual tumor with macraophages ard lymphocytes.

Key Words: gene therapy; H3V-tk; ganciclovir; glioblastoma; astrocytoma; adenovirus; stereotaxic

technique.

INTRODUCTION

The American Cancer Soclety estimates that 16,800 indi-
viduals will develop and 13,100 individuals will die from
primary tumors of the nervous system in 1999, with the
wajorlty of these cases being malignant gliomas (1). Al-
though there have been significant advances in neurosur-
gery, neuroradiology, radiatiun therapy, and medical on-
cology. malignant brain tumars remain cesistant to all
current therapies, and survival is often less than 1 year
{Z-4). Even when conventional treatmments extend sur-
vival. malignant brain tumors almost invariably recur

' To whom corespondence should be addressed ac Depactment of
Meurgsurgery, Baylar College of Medicine, 6560 Fannin, Suite 944,
Houston, TX 77030, Fax: 713.788.3739. E-mall: tirask®bem umc.edu,

because of surviving tumor cells that have invaded the
surrounding brain. All treatments must balance effective
tumor killing against toxicity to surrounding neural tis-
sue. The prognosis after recurrence of a malignant brain
tumor {5 particularly poor (3, 3).

Transduction of tumor cells with the herpes stmplex
virus thymidine kinase (HSV-tk) gene, which activates the
nucleoside analog prodiug gancicluvir (GCV), has been
ane aof the maost effective approaches in treating experi-
mental brain tumors (6-12). This therapy selectively kills
dividing cells, an advantagcous feature in the brain where
myst nurmal cells are not actively dividing, Treatment
etticacy may be enhanced by the “bystander effect,”
whereby surrousiing nontransduced tumor cells are also
killed through a variety of mechanisms which are be-
lieved to include transfer of toxic metabolites via gap

MOLECUTAR THEFAPY Vol 1, No 2. Febnary 2000
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junctions (13-15). induction of apoptosis (16). and acti-
vation of a host immune response (17-19).

Toxicity studies of intracerebral injection of an adeno-
viral vectar. followed by GCV treatment. in cotton rats
{20), which are permissive to adenoviral infection, and in
other rodent madels (7, 10, 21) have shown no clinical or
systemic patholagical sequalae. Our and other centecs
have alsu conducted preclinical toxlcity studies in pri-
mates (21-23). Although clinical symptoms have not
been observed following Intracerebral injection of the
vector at lower dases, dose-dependent toxicity has been
observed in animals receiving higher doses of the vector
and GCV (21, 22). The goal of the present study was to
determine the safety of Adv.RSVtk + GCV treatment for
recurrert advanced malignant brain tumors in humans
and to determine the maximal safely tolerated vector dose
for intraturnoral Injection at a single site,

MaTeriALs aND METHODS

Permission far this Phase [ cllnical trial was granted by the Baylor Callege
uf Medicine Irstitutional Review Buard (IRB). the Foad and Doug Adriio-
istratlan (FDA). and the Natiurwl] [ostltutes of Health Recumbinant DNA
Advisary Cammittee (RAC) on the basis uf the efficacy and taxicity studies
we performed in anlmal rowdels (7-10, 20. 22) and after productlan and
testing of cltnical grade adenoviral veelor. Adverse events and patient
deatts were reported tu the [RB. FDA, and RAC according to the recom-
mended guldelines,

Patient Selection

Adults (=13 years of 2ge} with recurrent and cilnically progressive ma-
lignant gllal or metastatic turnors wers eligible tor envollment. Histological
confirmation of the diagnosis was required, ari tumors had ta be identi-
fiable on neuroimaglng studies. Subjects eligible for Lthe study had received
and falled conventional treauments, including surgery and radiation ther-
apy. A Karmofsky performance score 260 was required. In addltion, ade-
quate systemic organ function was required as determined by the follow-
ing <riteria: serum creatinine of =1.5 mg/dl or creatinine clearance =45
ml/min/m®, platelet count =100.000/mm®. absolute neutrophil count
Z8.5/mmr. normal PT and aPTT, and bilirubln 2.5 mgd!.

Spacific exclusion criterid included acute (nfectlon (Including HIV in-
fection), prograssive systemic malignancy, or unacceptable anesthesia risk.
Patlents with tumaors with cavitles likaly to communicate with elther a
subarachnold space or the veniricular systemn were excluded. Patients with
s causing sigaificant mass effect or Increases n intracrandal pressure
and requirdng surgical debulking were niut eligible. Pregnant patients were
excluded, and female subjects of child-bearlng age were tequired tu prac-
tice birth control for the duradon of the study. Patients were Informed that
the trsatment was experimental, and detalled informed cansent was ob-
tained at enrollment.

Priar ta the gene therapy treatment. each patent underwent a comples
history anul physical examination. leboratary testlng. magnetic resunance
Imaging (MRI) af the brali. ardl neuropsychologleal testing. The neuro-
paychological test battery was tailored to each patlent’s level of function-
ing. area of brain involvement, and endurance. with the goal being detec-
tion of signilicant ¢hanges from the bascline examination. Twmor
histology was reviewed by the study neuropathologist {(|.C.C..] to recan.
firm tumar diagnosis. Pretreatment presence of serum-neutralizing ant-
bodies to wild-type adenovirus and of adenovirus in serum. urine. and
nasal mucosa was determined for each patierw,

Creation of the Adv.RSVtk Vector

Canstruction of the replication-deficient viral vector has been described
in detail previously (10, 24}. The adenovirus E1 A regian wan replaced with
the H5V -tk gene under the contral of the Rous sarcoma virus (R3Y] long-

terminal repeat and grown in 293 cells, The vector was produced at the
Baylar College of Medicine Gene Vector Laboratory using Good Labora-
tory Practices. in addition to standard quality contrl procedures wed in
vector production. we verified that the vectar preparatian did not contain
measurable wildl-type cortamination or ElA recombination from 293 cells
by polymerese chain reactlan (PCR] for the wild-type ElA sequence. The
vector preparatiun was certified to be free of replication-competent ade-
novirusat <1 per 10" VP Additlanally. the Fallure of catton rats to sustain
productive adenoviral Infections after Intracargbral delivery gf the vector
and the failure of adenoviral proliferation on HeLa cells in culture estab-
lished that there was no significant replication-competert viral contami-
nation. The sensitivity of the Hela culture assay was orte wild-type ge-
noma per 73.000 vector genome equivalents.

Adv.RSVtk Vectar Dose

Based on gur previows txicity trials (22). we designed a dose escalation
protacal to test the safety of four Adv.RSVEk vectar doses: Z » 10°, 2 ¥
109, 2 % 10", and 2 X 10'F VF. The VP ta infectious unit {1U) ratio,
measured using the cytopathic ¢ffoct (CPE) assay (£5). was detertnined to
te 20:1, A minimum of twao patients werre Injected with each dose, begin-
ning with the lowest dose, 2 % 107 VP (I X (0° [U): if no toxicity wis
observed gver the rnext month, subsequent patients received the next
higher dose.

Injection of the Adv.RSVtk Vector

A Leksell stereotactic frame was applied to the patient’s skull using local
anesthesla and manitored anesthesla care. Tumar coordinates were gen-
erated after computerized tormugraphy {CT) or MR1 with the Leksell frame
iy plae. Patients were returned to the operating room. and an 18-gauge
stalnless steel injectlon wannula was directed to the target through a
twist-drlll craniestomy ar burr hole. One milliliter of vectar solution was
Injected through the cannula over 5 min. The cannula waa left in place for
an additional 5 min and then withdrawn. A centrz] venous catheter was
placed ln most patients Lo facilltate subsequent intravenous access.

Patients were monitored in the neurgsurgical intenslve care unit and
then transferred to a private rogm an the neurosurgical unit, A postoper-
ative MRl was obtained within the first 24 h to confirm injection place-
ment and ta abserve {f swelling ar hemorrhage had occurred, Standard
perioperative medicatlons were administered, Including artibiotics, dexa-
methasone, anticonvalsants, and analgesics.

Ganciclovir Treatment

Twenty-fgur hours after vector injection, intravenous GCV adminisug-
tlon was begun, using 3 dose of 5 mgrkg aver | hour, every 12 h, for a tatal
of 28 doses aver 14 days. During GCV ureatment. patierus urkerwent dally
physical and neuralogical examtnations and frequent labaratory studles
Iluding cumplete bluod counts, electrolyte levels, and lver function
tests, Serum, wine, and rnasal swab samples were manliored for vector
shedding. and serum was tested for neutrallzing antitiodles.

Toxlcity follawing vector Injection and during GOV treatment was
graded using the Cammon Teoxicity Crterla published by the Cancer
Therapy Evaluation Program af the National Cancer Institute (26). Perina-
nent Geade 3 or recurrent Grade 4 toxicity was the criterion for cessation
uf treatonent,

The GCV {Cytovere) used in this wlal was manufactured by Syntex
Corp. (Palo Alto. CA). The drug 13 approved for the treatment of cytomeg:
alavirus [CMVY) retiniils in Immunocompromised patients and for the
preventian of CMY discase In ransplant patients at risk for CMV disease,

Posttreatment Assessment

Patlents underwent a neuropsychological evaluation approximately 2
weeks after vectar injection. After discharge from the hospital. patienta
were 3¢en a3 outpatients every 2 weeks far the first 2 months and then
manthiy for the first year. Physkal cxamination and Inboratary studies
were ghtafned al each visit. A second neurepiychological eveluation was
perfarmed at 2 monthy postinjection. MBI scans were obtained in the first
wetk alter completion of HSV-tk/GCV tecatment and every 12 weeks
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TABLE 1

Patient Pretreatment Characteristics

Age at DX Ageat GT  DX-GY period Tumor No. Prewreatment
PT {yaars) (years) {months) Sex path  Side Loc KFS % resect XRT Chem
1 312 348 19.3 M GBM L Fr 60 1 Y ¥
2 48.2 524 746 M AA R P &0 3+ Y ¥
3 57.2 578 7.2 M GBM L Q 70 4 ¥ Y
4 42.4 538 136.7 M AR R FrT 80 1 Y ¥
5 67.3 686 157 M GBM R Fr 60 1 Y Y
6t 41.0 11.8 9.8 F GBM L Fr 60 2 Y YY
1 Ja.3 393 12.2 M GBM L P X0 2+1P Y+1P ¥
8 654.1 653 14.9 M GS B Fr B0 2 Y N
g 64.3 649 1.5 M GBM R T 60 1 Y Y
10 4716 18.5 107 M GBM R PQ 60 3 Y N
11 46.2 50.0 445 M GBM L T 80 2 Y YY
12 37.3 383 12.3 F GBM R P B0 1 Y Y
13 439 45.0 136 M AA L Fr 60 2 Y Y
Mcan fean Mean 1"MM 9GEM 7L 5Fr 6 60% 23r 13Y "y
484 +112 508110 29.2=*344 2F 1GS 6R 3P 1710% 6 2r 2N
3 AA 2T 5 80% 51r
10 180%
10T
1PO

Note, Abbreviations used: AR, anapfastic astrocytoma; B. bilateral; Chem, chemotherapy; DX, diagnosis; F, female; Fr, frontal; FrT,
frontotemporal; GBM, glioblastoma multiform; GS, glicsarcorma; GT, gene therapy; KFS, Karnofsky scale; L, left: Loc, tumar location: M, male;
N, na: O, occipital; P, parietal, PO, pavietooccipital: PT. patient; DX-GT period, time betwsen tumor diagnosis and GT; r, resect, resections;
R, right; T. temporal; XRT, X-radiation treatment; Y, yes; YY. two courses of chemotherapy; *, standard dewviation; *, subsequent XRT boost
ta tumor; +1P, alsa underwent 3 post-GT resection or XRT; T, patient diagnosed and treated (resection, radiation, and chemotherapy) for
cligodendroglioma 4 years before GBM. for which she a/50 underwent resection. radiation (focused), and chemotherapy.

thereafter. The MRIs were read independently by & neuroradiologist and
by a neurosurgeon. Tumar reapanse was manltgred by cliatcal criteria and
by MR, Palliatlve and therapeutic options were discussed and made avail-
able to patients wha deteriorated due to tumor grogression,

Neutralizing serum antibadics to adenovicus type 5 (AVS) were deter
mined before and at 14, 28, 42, 96, and 84 days after vectgr injection In
most patlents and therealter at gutpatient follow-up visits In patiers with
exrended survival. The assay used to measure AV5.specific neutralizing
serum an tibodies has been described In detall previously (20). Weutralizing
antibody titers were expressed as the fogy of the reciprocal of the lasi
dilutian af antisenug that inhlblted virusdnduced cytopathic effects by
100%.

Jerum. urine. and nesal swabs were obtalned at 1, 2. and 4 weeks after
vectar Injection and examined by plaque assay for evidence of adenavin
stedding. A detalked description of the plaque assay has been published
previously (20). Minimum detection in these anays was 20 plaque-form-
ing umits (pfu).

The presence aof viral vector DNA in urine was deterrnined by PCR and
Southem blot hybridization of the FCR product, The sensitivity was 10
¥P/ml of urine. Urine way analyzed dally for vector DNA during hospital-
izatian and at 2 and & weeks after vector injection. The procedure used has
been previcusly described (24).

RESULTS

Thirtcen patients were enrclled into the study between
December 1996 and September 1998 (Table 1}. The mean
age was 50.H years (range 34.8 to 68.6 years). There were
1] males and 2 females. Pretreatment Karnofsky scores
ranged from 60 to 90. All patients had primary central
nervous systemn neoplasms. Tumar histologies were nine

glioblastoma multiformes (GBM), ane gliosarcoma, and
three anaplastic astrocytomas (AA). The mean intervals
between initial diagnosls and adenoviral treatment for
patients with a GBM ar GS were 15.5 (+SD 11.6) and 14,9
months, respectively; fur patients with an AA the mean
interval between initlal dlagnosis and Adv.RSVtk treat-
ment was 74.9 (x5D 61.5) months.

All patients had undergone previaus tumor resection
and had recelved conventional external beam radiation
therapy. Eleven of the 13 patlents had received chemo-
therapy, and 2 patients had received additional chemo-
therapy after tumor recurrence. Three patients had re-
ceived conformal radiation boosts. with 2 of the 3
receiving the boost after tumor recurrence. Eight patients
had undergone reoperatian for tumar debulking.

Tumor characteristics on imaging were typical of ad-
vanced recurrent gliomas, with complex configurations,
cystic areas, and brain invasion. Quantitative descriptions
are difficult in this setting. but the cross-sectional diame-
ter was greater than 3 cm in the majority of patients.

Clinical Course during Treatment

Table 2 summarizes the clinical courses of all patients
enrolled. The sequence of dose escalation was as follows:
2 patients each received 2 x 10° and 2 x 10'? VP; 3
patients received 2 X 10"! VP: and 2 patients received 2 X
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TABLE 2

Gene Therapy and Outcome

Cog Post-DX survival  Post-GT survivael
FT vP {2 weeks) GT Tox Postoperative adverse events (days 1-14] (manths) {maonths)
1 2x108 — N Perioperative focal seizuras, small intratumaral hemorrhage 47.6 284
2 2x108 ) N Skght rash 78.2 38
1 2x1g% — N 1.3 4.0
4 2x10% —_ N 162.6 259
5t 2 x1Q" 1 N Increased left hemiparesis, thrombacytopenia 16.9 1.1
6 2x1g" —_ N Seizure day 6 40.0** 29.2*
7 2x71g" 1 N Ttwombocytopenia 215 93
8 2x1Q% e Y Lethargy, canfusion, mlld hyponatremia, fever, 16.9 20
leukocytosis, intratumoral hemarrhage day 6
g~ 2 x10 1 Y Adr in ventricle, lethargy. canfusion, fever. hypanatremia, 10.1 26
beukocytosis, increased CSF protein, hydrocephalus
10 2x1g" N 16.2 55
n Z2x1gv N Increased right hemiparesis, lethargy 45.7 1.1
12 2xg" — N Thombocytapenia, increased liver encyrmes 14.3 20
13 2x1g" — N Increased right hemiparesis, hyponatremia 209 T4
M 38.4 + 421 M92+105%
[median 20.9) {median 4.0)

Nate. Abbreviations used: Cog, change m cognition from baseline at 2 weeks after Adv.A3Vik injection; DX, diagnosis; GT, gene therapy:
M. mean: N. na: Tox, taxicity: VP. vector particles (20:1 VP:IU ratio): Y, yes; T. slightly better: —, same: }. slightly worse: | | . worse:
A, completed 4 of 28 GCV ueatments; T, veceived 25 of 28 GCV treatrments; *, unable (o undergo formal testing due to neurological decling;

**, patiert is alive at tme of publication.

1Q'2 VP. After evidence of toxicity at 2 X 10'2 VP, the 4
subsequent patients were treated with 2 X 10'' VP. Eleven
of the patients completed the full 2-week course of treat-
ment with GCV. Patient 9 received 4 of the 28 GCV dases.
Patient 3 received 25 of the 28 GCV dases.

Ng patient who received 2 X 109 VP (N = 2) ar 2 x 10"
VF (N = 2) experienced any significant treatment-related
toxicity other than brief perioperative focal seizures in
patient | who had a knewn seizure disorder at the time of
enrollment. This patient also developed a small intratu-
moral hemorrhage that resolved without treaiment. Pa-
tient 2 developed a slight vash that may have been caused
by the GCV. The rash resolved without weatment and
without interruption of the GCV treatment.

In the 2 X 10'" VP group (N = 7). three paticnts (pa-
tients 5, 11, and 13) experienced & mild increase in pre-
existing hemiparesis during GCV treatment. Patient 13
also developed transient hyponatremia (131 meq/liter on
day 7 after vector injection), This patient had required Na
tablets for hypanatremia prior to gene therapy. Patient 12
developed thrombocytopenia (platelet count = 132.000/
mm* an day 13), and the platelet counts of two patients
(patients 5 and 7] with low haseline platelet counts
(132,000 and 144,000/mm?, respectively) daclined during
GCV treatment (101.000/mm” on day 11 and 78.000/
mm? an day 12, respectively), Platelet counits returned to
baseline following GCV treatment; platelet transfusion
was not required,

Three (patients 5, 11, and 12) of the seven patients who
received 2 X 10! VP had rapidly deteriorating clinical
courses (patlent § withdrew from the study near the com-

pletion ot GCV treatment) and died within 2 months of
gene therapy. There was no evidence of treatment-related
tuxicity in these three patients, Pallents 5 and 1] had
evidence of rapld tumcr progression that continued dur-
Ing treatment. Patlent 12 developed pneumonia 5 weeks
after injection, followed by disseminated intravascular
coagulation (DIC). adult respiratory distress syndrome
(ARDS), sepsis, and multiorgan failure. She died 2 months
after vector injection; postmortem exarnination revealed
marantic endocarditis.

Both patients treated with 2 x 10'? VP of the Adv.RSVtk
vector demonstrated clinically significant toxicity during
the weatment periad. The first patlent {(patient 8) had
been treated for a left frontal gliosarcoma that had re-
curred in the right frontal lobe after two previaus resec-
tions. Twenty-(our huurs after injection cf the vector into
the right frontal tamor mass, the patient exhibited con-
fusion end lethargy. He improved and GCV was started
on day 2, Six days after vectur lnjectiun, the patient had a
generalized seizure, and a CT scan demonstrated a right
frontal hematoma. The paticnit impraved after the postic-
tal period, but did not return ta his neurological baseline.
He had hyponatremla (Na = 129 meg/liter an day 12),
leukocytosis, and low-grade fever (38.7°C on day 11). He
improved, completed (:CV treatment, and was discharged
from the hospital. He remained stable after discharga un-
til 6 weeks after vector injection when he presented with
status epilepticus. He did nat regain consciousness. A CT
scan demonstrated severe bifrontal edema suggestive af
tumor progression, The patient’s family asked that care be
withdrawn, He died 2 months after vector injection. Post-
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mortern examination of the brain showed cavitation in
the right frontal lobe along the injection tract, surround-
ing ederna, and mass effect. Gross residual turnor was seen
in both frontal lobes. The residual right frontal tumor was
heavily infiltrated with lymphocytes, and foci of coagu-
lative necrosis were present. Scattered perivascular lym-
phocytes were seen in cthe white matter of the injected
hemisphere and in the pons, and there was also patchy
denudation of the cpendyma on the injected side. No
demyelination or macrophage infiltration was seen in
association with the perivascular [ymphacytes. There was
no evidence of brain hemniatian,

The secand patient {patient 8] whao was treated with 2 X
10'2 VP had a recurrent right temporal GBM. He com-
plained of a severe headache in the immediate postinjec-
tion period. and a CT scan demonstrated air within the
ventricular system. raising the possibility of vector entry
inta the cerebrospinal fluid. Twelve hours after the injec-
tiun the patient became vbtunded, was ynable to folluw
commangds, and developed a fever of 38.9°C. He subse-
quently recovered rapidly to his neurological baseline,
and GCV treatment was initiated. Three days postinjec-
tlon the patient developad hyponatremia (Na = 126 meq/
liter) and obtundation. Ganciclovir treatment was
stopped. He Initially impraved after carrection of the
hyponatremia, but later deterigrated. A CT scan demon-
strated hydrocephalus, and a ventriculoperitoneal shumt
was placed an day 14. CSF protein was found to be mark-
edly elevated (624 mg/dl). The patient subsequently grad-
ually improved until tumor progression supervened. The
patient died 2.6 months after vector injection. An autopsy
was not performed.

Qne patient (patient 6} with a GBM is alive 28.2 months
after vector injection. She is clinically stable and her left
frontal tumor has changed little over the 2-year period
(Fig. 1). Two other patients. one with a GBM {patient 1)
and orie with an AA (patent 4), survived for 28.4 and 25.9
months, respectively. A transient reduction in tumor di-
mensions was gbserved in patient 4. and both patients
had a posttreatment intecval of reduced steroid require-
merts. Survlval times to date range from 1 to 29.2 months
{median 4.0, mean 9.4 * 5D 10.8 months) (Fig. 2).

Neurapathologic examination of six bratns from pa-
tients who received 2 x 10" VP (patients 3 and 4), 2 x
10'! VP (patients 7. 10. and 12), or 2 X 10*2 VP (patient 8)
disclosed recurrent viable malignant glioma in all specl-
mens. Minimal to moderate intratumoral inflammation
and foci of coagulative necrosts were abserved (n all spec-
imens. As noted earlier, minimal extratumoral inflamma-
tion was seen In the brain of patient 8, wha received the
tighest vector dose, Patlent 7, who received 2 X 10'' VP,
underwent tumor debulking at 2 months and died 9
montiwe after vector injection. Neurgpathologic examina-
tion of the resected tumor at 2 manths showed heavy
macrophage and lymphocyte infiltration and areas of co-
agulatlve necrosis within the GBM. No inflarmmation was
abserved In more viable areas of the tumor. At autopsy,
considerable coagulative necrosis was fouad in the recur-
rent tumor but minimal Intratumoral inflammation. No

inflammatiun was seen in the brain gutside of the tumar
bed. Detailed neuropathologic studies will be reported
separately.

No adenavirus was detected by plaque assay In any of
the serum, urine, or nasal swab samples obtatned after
vector injection ar in any of the urine samples examined
by PCR.

Posttreatment elevations in adenoviral antibody titers,
rclative to pretreatment levels, werc detected in 10 of the
12 patierits studied (Fig. 3A). [n 3 patients with extended
survival whase antibody titers were followed For more
than 100 days after vector injection (Fig. 3B), 2 partients
(patients 4 and &) maintained significantly elevated titer
levels. The third patient (patient 1) had titer levels around
baseline throughout his treatment.

Neurcpsychological testing was performed shortly be-
fore vector injection in all patients, at 2 weeks {at the
campletion of GCV treatment) in L1 of the [3 patients
(testing could not be perforined for patients 8 and 9), and
at 2 months efter vector injection in 6 of the 9 patients
allve at 2 months. Because of significant differences in the
patients’ cognitive abilities and because of the deterlorat-
ing clinical course of most of the patients. meaningful
neuropsychologlcal data for the group as a whole could
nat be abtained. Comparisan of each patient's perfor-
mance before and at the end of GCV treatment (Table 2)
identified no obvigus treatment-associated effect on neu-
ropsychological performance,

DiscussioN

Genetic approaches tg treating neoplasia have included
the transduction of tumor cells with genes or gene prod-
ucts that activate cytotoxic prodrugs (27). upregulation of
tumor suppressor genes such as p53 (28, 29), stimulation
of immune response (30-32). and enhancement of cellu-
lar response to other therapies such as radiacion (33, 34).

A number of viral and nonviral vectors are available tor
gene delivery, Experimental brain tumors have been suc-
cessfully treated with retroviral (35-34) and adenoviral (6.
10-12, 28) vectors, and clinical trials using these ap-
proaches to treat malignant brain tumors have been and
are being conducted (40-45). Adcnoviral vectors are at-
tractive for use in gene therapy because of thelr efficiency
In transducing many cell types, ease of high titer praduc-
tion, episormal genome location. and ability to transduce
nondividing cells.

Qur Phase [ trial examined the safety of the injection of
Adv.RSVtk into a slngle Intraturnoral site, followed by
intravenous GCV. in patients with advanced malignant
brain tumors. Pre- or pustireatinent lumor resection was
not included as a part of this protocol although two
patients underwent postinjectiun tumor debulking be-
cause of tumor grawth. Multiple or repeat vector injec-
tioris were not carried out. The trial was designed in this
marner for the following reasons: (i) the simple design
offered the best opportunity to establish the safe/toxic
dose levels, {ii) any treatment effect would nat be con-
founded with other treatments, and (iii) the design com-
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FIG. 1. Forty-two-year-old fernale (patient 6) with a
recurtent left frontal glioblastorma muitiforme who
received 2 x 10" VP (1 x 10" IU) of the Adv RSVik
vector, followed by intravenous GCV. (A)
Pretreatment (1 day before injection of Adv RSVik)

(B) Two months after vector injection. (C) One year
after vector injection. (D) Two years and 2 months
after vector injection
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plemented another Phase [ trial of patients with advanced
brain tumors in which resection and multiple adenoviral
vector injections were being used (44).

We conclude that the form of gene therapy used in our
Phase | trial is safe when the vector dose does not exceed
2 % 10" VP (1 X 10'° 1U). There was significant toxicity
in patients 8 and 9 who were treated with 2 x 10'2 VP,
Factors that may have potentiated toxicity in these two
patients include older age (age 65). bilateral tumor and
hemorrhage in patient 8, and possible intraventricular
injection in patient 9.

Toxicity of the nature we observed was not seen in
another Phase I brain tumor protocol using an adenoviral
vector which is being carried out at the University of
Pennsylvania (personal communication, Stephen L. Eck,
University of Pennsylvania Medical Center. October
1999). In that trial, patients received two intratumoral
injections, 1 week apart, using an adenoviral vector dose
of 1 X 10" pfu. Whether the differences in toxicity ob-
served reflect dissimilarities between the vectors, the
doses administered. the patients, or the protocols is cur-
rently not known. Although the highest dose we used
(2% 10'2 VP (1 X 10" IU as determined by CPE)] appears
similar to that used in the University of Pennsylvania
study, comparison of vector doses used in different stud-
ies is difficult. Nyberg-Hoffman and associates have dem-
onstrated that the various assays and methodologies used
to titer adenoviral vectors can produce markedly different
estimates of the number of infectious units in a vector
sample (25). In addition, toxicity following injection of
an adenoviral vector may relate not only to the infectious
dose employed, but also to the physical number of vector
particles injected. Standardization of the methods used to
determine adenaviral titers is needed in order to compare
vector doses and to better assess toxicity.

The toxicity associated with adenoviral vectors appears
to be the result of a multifactorial cellular and humoral
immune response, which may also play an important role
in the destruction of malignant neoplasms. [n our Phase I

FIG. 1—Continued

study, neuropathological examination of tumor after vec-
tor injection demonstrated marked intratumoral infiltra-
tion with inflammatory cells, suggesting that recruitment
of an antitumor response of the immune system may play
a role in killing tumor cells. Dewey and associates have
recently reported long-term inflammation in normal
brain in a rat tumor model in which the rats were injected
intratumorally with an adenoviral vector (46). We did not
observe such severe or widespread inflammatory changes
in normal brain tissue in any of the specimens examined.

Three patients in our study, 2 with a GBM (patients 1
and 6) and 1 with an AA (patient 4), survived >25
months, considerably beyond the expected survival for
patients with recurrent malignant gliomas. A recent sur-
vival study followed a group of 130 patients with glioblas-
toma multiforme. some of whom underwent chemother-
apy (74%) or stereotactic radiation (7%) but not resection,
following tumar recurrence (3). These patients had, upon
initial diagnosis, undergone resection of the tumor and
had received external beam radiation therapy, usually
with concomitant chemotherapy. The median survival
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FIG. 3. Adenovirus antibody titers relative to levels immediately before gene
therapy (day 0). (A) Titers for 12 patients over the first 2 months after
Adv.RSVik injection. (B) Titers for 6 patients with extended survival after
Adv.RSVik injection.

time after tumor recurrence for these 130 patients was 23
weeks (5.75 months). None of our 3 patients received any
other treatment following Adv.RSVtk injection and GCV
for their tumor. Each had one or more favorable prognos-
tic factors for longer survival: younger age, AA in 1, and
longer pretreatment survival in 2. One patient (patient 6)
with a GBM is currently living with minimal tumor pro-
gression at 29.2 months after treatment (Fig. 1). Her age at
treatment, 41.8 years, is comparatively young. Four years
earlier she had been diagnosed with an oligodendrogli-
oma in the same location and had undergone resection
and radiotherapy. Subsequent to the diagnosis of GBM,
she underwent another resection, chemotherapy, and fo-
cused radiation therapy but tumor progression continued.
She underwent vector injection 9.8 months after diagno-
sis of GBM. The relative contribution of favorable prog-
nostic factors and of Adv.RSVtk + GCV treatment cannot
be determined in this case.

Current development of gene therapy for malignant
brain tumors is being addressed in a number of areas:

improving vector efficiency and minimizing immuno-
logic response to the vector (47, 48), exploration of vector
constructs utilizing different deletions as well as different
promoters, and improvements in the construct or deliv-
ery of GCV or similar prodrugs that may extend the by-
stander effect and reduce GCV-mediated toxicity (14, 15,
49). In addition, the optimal delivery technique must be
determined in order to more uniformly distribute the
vector throughout the tumor. Possibilities include multi-
ple stereotactic injections, injection of postresection tu-
mor margins, and vector delivery in conjunction with
blood-brain barrier disruption. Several centers have re-
cently developed models that improve vector delivery to
brain tumors by selectively modifying the blood-brain
barrier (50, 51).

Finally, the best results may be obtained when this
treatment is combined with other modalities such as ra-
diation therapy, chemotherapy, and other gene therapy
approaches. Improved tumor killing has been observed in
several cancer models by combining HSV-tk/GCV treat-
ment with radiotherapy (52. 53).
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