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Adeno-associated/irus Vector Containing the Herpes SimplexX/irus Thymidine
Kinase Gene Causes Complete Reggssion of Intraceebrally Implanted Human
Gliomas in Mice, in Conjunction with Ganciclovir Administration
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Adeno-associated virus (AV) has attracted considerable inteest as a potential vector for gene ther-
apy because of its wide host range, high transduction efficiepcand lack of cytopathogeniciy. In
this experiment, we evaluated the efficacy of AV vector containing the herpes simplex virus thymi-
dine kinase HSV-tk) gene on human gliomas transplanted into the brain of nude mice. Complete-
gression of the tumors was observed after multiple A/-tk injections followed by intraperitoneal
ganciclovir (GCV) administration, and the survival of mice teated with AAV-tk vector and GCV
administration was markedly prolonged. Theseaesults suggest that AV-tk vectors may be useful
for gene therapy against malignant gliomas in humans.
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Advances in gene therapy will depend ingka part on  effect” would allow éfective killing of invasive tumor cells
the development of delivergystems capable offficiently in normal tissue. Therefore, the transfer of the gene coding
introducing DNA into teget cells. Retrovirus and adenovi- for HSV-tk followed by GCV administration has been stud-
rus vectors are the main systems which have thus far beded in several types of cancers. Specificatie therapeutic
applied for human gene thesap Retrovirus vectors have effects ofHSV-tkgene transferging retroviruses followed
been studied extensively and although their preparation iby GCV administration have been studied in patients with
not difficult, their use is limited because gene delivery re-malignar gliomas® Howeve, the results were not optimal
quires that the tget cells are dividing, and the viruses are becausén vivo gene transductionfféciency was veryow.
rapidly inactivated in the blood. Furthermore, there is aTherefore, there is a need to develop new approaches using
risk that pathogenic replication-competent retnass  safe vectors thahave high transductionffeeiency. AAV
(RCRs) will be produced. In contrast, adenovirus vectorectors containing tnHSV-tkgene are considered promis-
are capable offéiciently delivering a gene to both dividing ing from this point of viev.
and non-dividing cés. Howeve, adenoviruses express  Malignant gliomas, including glioblastoma, are formida-
proteins that trigger an immune response and induce inble neoplasms that are resistant to the multimodality treat-
flammation and an aligic response. This immune re- ment of swgely, radiation, chemothergp and immuno-
sponse may limit the length of time during which genetherafy.” The average survival time of patients with malig-
expression can be maintained in thgéd cell. nart gliomas is lesshan 2 years. Thereforthe develop-

Adeno-associated virus A), which is a human par- ment of new therapeutic approaches such as gene therapy is
vovirus with a single-stranded DNA genome of approxi- very important. Here, we describe ianvivo basicstudy on
mately 4.6 kb encapsulated in an icosahedral virion 20 tahe dfect of an AAV vector containinddSV-k gene (AAV-

24 nm in diamete? has no cytopathicffect in humans. tk), in combination with ganciclovir administration, on the
AAV depends on coinfection with a helper virus (either ad-growth of malignant gliomas in mice.

enovirus or herpesvirus) fofficient DNA replication? 3

Therefore, AV vectors have considerable potential for hu- MATERIALS AND METHODS

man gene thergp

The herpes simplex virus thymidine kinase (HSV-tk) Cell line The human gbma cdl line U251-SP wasrgwn
protein phosphorylates awital nucleosides, such as ganci- in Eaglés minimum essential medium with 10% fetal calf
clovir (GCV), which are normally metabolized at very low serum, 1% nonessential amino acidsnBl L-glutamine,
levels by mammalian enzymes. The conversion 6¥G and antibiotics (10@g/ml streptomycin and 100 U/ml pen-
from a monophosphate form to a triphosphate form byicillin).

HSV-tk results in inhibition of DNA polymerases in those Vector The AAV-tk vector containdiSV-tk gene under
cells expressing HSV-tk. The triphosphate form of GCV transcriptional control of the cytomegalovirus immediately-
also acts as an inhibitor of untransduced cells: a phenomearly (CMV-IE) promote It was prepared in an adenovi-
non termed the “bystandeffect.” % Thus, the “bystander rus-free systefhand had a titer of 480 particles/ml.
Animals Female BALB/c nude (8-10 weeks old) were
3To whom requests for reprints should be addressed. maintained and bred under a pathogen-free condition in the
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animal facility of the Nagoya University School of Medi- Table . Antitumor Effect of Herpes Simplex Virus Thymidine
cine. Animal experiments were performed according to theKinase Gene Transferia Adeno-associated Virus Vector, Fol-
principles enunciated in the “Guide for the Care and Use Ol:)wed by Ganciclovir Treatment, on Intracerebrally Transplanted
Laboratory Animals” prepared by the Office of the Prime uman Gliomas in Nude Mice

Minister of Japan_ Group Tumor-bearing mice Tumor size (mm)
Production of glioma in the brain of nude mice To pro- (1) control 5/5 6.31.3
duce gliomas in the brain of nude mice, U251-SP human (2) GCV 5/5 5.20.9
glioma cells suspended in PBS or culture medium without (3) AAV-tk 5/5 5.7#1.2
serum were injected into the brain. Briefly, animals were (4) AAV-tk + GCV 5/5 2.80.5

(5) AAV-tk(3) 6/6 5.81.5

anesthetized by intraperitoneal (i.p.) injection of Nembutal
(60-70 mg/kg body weight) and held in a stereotaxic appa- (6) AAV-tk(3) + GCV 1/6 -

ratus (SAS-1405, ASI Instruments, Warren, MI). Alzl- Tumor size is represented as maximum diameter. Groups: (1)
iquot of the cell suspension (approximatelyl@ cells)  control, no treatment; (2) GCV, ganciclovir (100 mg/kg) was ad-
was injected with a Hamilton syringe using a microsyringe ministered intraperitoneally twice daily for 6 days beginning on

. day 7; (3) AAV-tk, adeno-associated virus-thymidine kinase vec-
pump (Model 2000, Instech, Plymouth Meeting, PA). The tor (9.6x1Q° particles) was injected into the brain once on day 7;

site of the injection was 3 mm lateral from the midline, 4 (4) AAv-tk + GCV, AAV-tk vector was injected once on days 7
mm behind the bregma, and 3 mm below the dura mater. and GCV was administered intraperitoneally twice daily for 6
Protocol for in vivo transduction AAV-tk (9.6x10° parti- days after vector injection; (5) AAV-tk(3), AAV-tk vector was
cles in 2ul) was injected into the brain where glioma cells injected on days 7, 10 and 13 (total three times); (6) AAV-tk(3)
had been transplanted on day 7 (single injection) or on day§CV: AAV-tk vector was injected on day 7 and GCV was ad-
7, 10, and 13 (multiple injections). In the case of a Singlemln_lstered |ntrap_er|ton_eally twice daily for 2 days after vector in-
L L . . < Tjection, after which this sequence was repeated two additional
injection, 100 mg/kg GCV was administered i.p., twice 4 as

daily, in 0.5 ml of saline, for 6 days after vector injection. 3) Residual tumor size was 1.3 mm in the one tumor-bearing an-
Following multiple injections, the same volume of GCV imal.

was administered i.p., twice daily, in 0.5 ml saline, for 2

days after vector injection and the procedure was repeated

three times. On the 31st day after transplantation, animals

were killed and the tumor was checked both visually andnjected once into mice followed by GCV treatment, sur-

by light microscopy. vival was significantly prolonged: 63:8.7 daysversus
40.0t2.2 days, 39%2.9 days, and 38£5.2 days in mice
RESULTS treated with PBS, GCV alone, and AAV-tk vector alone, re-

spectively. When injected three times with AAV-tk vector
Antitumor effect of AAV-tk According to the experimen- followed by GCV treatment, six of seven mice were alive
tal protocol, AAV-tk vector was injected into tumors, fol- at the end of the experimental period (120 days), while all
lowed by GCV administration. The size of transplantedmice treated with GCV or AAV-tk vector alone were dead
tumors was about 2 mm in diameter at the start of the treaby 45 days after transplantation (Table II).
ment. The results are shown in Table I. A single injection
of AAV-tk vector followed by GCV administration for 6 DISCUSSION
days remarkably inhibited tumor growth: the maximum di-
ameter of the tumors was 2@5 mm for mice treated with Gene therapy has been proposed for several inherited
AAV-tk and GCV, versus6.1+1.3 mm, 5.20.9 mm, 5.2 and acquired diseases. However, there is little evidence
1.2 mm for mice treated with phosphate-buffered salinethat current delivery systems can achieve complete regres-
(PBS), GCV alone or AAV-tk vector alone, respectively. sion or cure. Retrovirus vectors have low transduction effi-
Three injections of AAV-tk vector followed by GCV ad- ciencies and adenovirus vectors cannot be injected re-
ministration induced the complete remission of the tumorsgpeatedly because of their high immunogenicity. Therefore,
in five of six mice. In the one mouse with a residual tumor,a new delivery system with high transduction efficiency is
the tumor was very small with a diameter of 1.3 mm. Mi-needed.
croscopic findings are shown in Fig. 1 (low magnification) Recombinant AAV vectors are physically stable, elicit
and Fig. 2 (high magnification). In normal brain, no necro-less of a host immune response, and can efficiently trans-
sis or inflammatory response was observed, except for thduce genes into a wide variety of dividing and non-dividing
scars of the needle track. cells® '@ Our previous study demonstrated that a single in-
Survival We investigated whether the AAV-tk vector and jection of high-titer AAV-tk-IRES-IL-2 remarkably inhib-
GCV treatment were able to cure mice with intracerebrallyited the growth of human gliomas transplanted into the
transplanted human glioma cells. When AAV-tk vector wasbrain of nude micé? However, complete regression of the
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Fig. 1. Antitumor effect of adeno-associated virus thymidine kinase vector (AAV-tk) and ganciclovir (GCV) against human glioma
(U251-SP) cells transplanted into the brain of nude mice. Histological findings 31 days after glioma transplantatioreaet;tiB,

AAV-tk vector was injected once on day 7 and GCV was administered intraperitoneally twice daily for 6 days after vecbor, i@jecti
AAV-tk vector was injected on day 7 and GCV was administered intraperitoneally twice daily for 2 days after vector infeation, a
which this sequence was repeated two additional times.

Fig. 2. Histological findings of the residual tumors. A, High magnification of the residual tumor in a mouse without trehtméng
highly cellular tissue and aggressively invasive tumor cells (magnificaiof); B, High magnification of the residual tumor in a mouse
injected with AAV-tk once, showing mixed appearance of highly cellular tissue and necrosis (magnifi¢a@nn

tumors was not achieved. Here, we evaluated the safetyrere would be no induced immunogenicity due to contami-
and antitumor effect of an AAV-tk vector in transplanted nating adenovirus. Repeated injections of AAV vector
gliomas injected multiple times with the vector. The AAV alone did not result in a cytopathic effect, but a remarkable
vector was prepared by using an adenovirus-free system smtitumor effect was induced even after a signle injection
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Table Il. - Survivd of Nude Mice with Human Gliomas Trans-  administered 12 h after vector injection, at a high dose (100
ducal in vivo with Adeno-associated/irus Thymidine Kinase mg/kg). Howeve similar results were obtained even when

Vecta, Followed by Ganciclovireatment GCV was injected 2 or 4 days after vector injection, or
Group %;Z;\gsdg{ when the GCVconcentration was decreased to 25 mg/kg
(data not shown). Codt d. demonstrated that two doses
(1) control 40.0:2.2 of 15 mg GCV/kg per day were optimal to treat 9L glioma
Eg ,(i:\\//- th gg'gﬁ'g transplanted into the brairf &isher 344 rat¥) However,
(4) AAV-tk + GCV 63 504 7 we needed to adlrmste_r more than 25 m_g/kg GCV to ob-
(5) AAV-tk(3) 38.5:4.2 tain complete regression of U251-SP gliomas transplanted

into the brain of nudenice.

6) AAV-tk(3) + GCV - . .

©) 3) — In our previous study usingA¥-LacZ, an AAV-based
Groups:(1) control, no treatment; (2) GCV, ganciclovir (100 mg/ ygctor encoding thé.acZ gene, we obtained a 10-20%
kg) was administered intraperitoneally twice daily for 6 days be- transduction #iciency following a single injectio® As

ginning on day 7; (3) AAV-tk, adeno-associated virus thymidine btained let . ft ltiole iniecti
kinase vector (956LC° particles), was injected into the brain once We obtained complete regression after muitple injections,

on day 7; (4) AAV-tk+ GCV, AAV-tk vector was injected once  there is probably a “bystandeffect.” Cell death of the

on day 7 and GCV was administered intraperitonyeaiiice HSV-tk-negative population is considered to be mediated

daily for 6 days after vector injection; (5) AAV-tk(3), AAV-tk  via apoptosig® ¥ and cell-to-cell contact is necessary for

vector was injected on days 7, 10 and 13 (total three times); (6the transfer of cytotoxic molecules (probably GCV mono-

AR ) e mosseomealy s iy o g PROSPIE) from HSV-tiposiive oslsto cels withou the

after vector injection, after which this sequence was repeated twi SV-tk gene through a gap—Junct!éfh. Some investiga-

additional times n=6. tors could not demonstrate thigeet in nude mice and sug-
gested that it might be related to the host immune response.
Howevae, in our experiments in nude mice, we believe that
the complete tumor regression involves a bystanffecte

followed by GG/. Three successive injections followed by via cell-to-cell contact.

GCV administration caused complete regression of tumors Finally, our results demonstrate thatvivo gene transfer

in five of six mice and all the mice survived. This is the of an theHSV-tk gene by means of anA¥ vecta, fol-

first demonstration of complete regression of malignaniowed by GCV treatment, is able to cure mice transplanted

gliomas using a®AV vectorwith the HSV-tkgene. The with human gloma cells. These fimdgs suggest that

regression was probably due t@ot important features of AAV-tk vectas may be useful for human gene therapy

the AAV delivery system: (i) high-titer AV vector was  against malignant gliomas.

used (more than IOparticles/ml), and (i) multiple injec-

tions of AAV vector were possible because of the absencéReceived July 7, 1997 / Revised October 20, 1997 / Accepted No-

of contaminating adenovirus. In this protocol, GCV wasvember 4, 1997)
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