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Antibody-directed enzyme prodrug therapy (ADEPT) has
displayed antitumor activity in animal models and clinical
trials. We examined whether antitumor immunity is gener-
ated during ADEPT by employing an immunoenzyme com-
posed of the monoclonal antibody (MAb) RHI conjugated to
B-glucuronidase to target rat AS-30D hepatocellular carci-
noma tumors. A glucuronide prodrug of p-hydroxyaniline
mustard was used to treat malignant ascites after immu-
noenzyme localization at the cancer cells. ADEPT cured
more than 96% of Sprague-Dawley rats bearing advanced
malignant ascites, and all cured rats were protected from a
lethal challenge of AS-30D cells. Immunization with radia-
tion-killed AS-30D cells or AS-30D cells coated with immu-
noenzyme did not provide tumor protection. Likewise, ex
vivo treatment of tumor cells by ADEPT before injection into
rats did not protect against a tumor challenge. AS-30D and
NI-S1 hepatocellular carcinoma cells but not unrelated syn-
geneic tumor cells were lysed by peritoneal exudate cells
isolated from ADEPT-cured rats. Depletion of CD8" but not
CD4" T cells or natural killer (NK) cells reduced the cytolytic
activity of peritoneal lymphocytes. ADEPT did not cure tu-
mor-bearing rats depleted of CD4" and CD8" T cells even
though it was curative when given 7 days after tumor trans-
plantation in rats with an intact immune system, indicating
that ADEPT can synergize with host immunity to increase
therapeutic efficacy. These results have important implica-
tions for the clinical application of ADEPT.
© 2001 Wiley-Liss Inc.
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Chemotherapis an importart treatmen modality for advanced
cancers Methods tha increag the therapeut index of chemo-
therapy can potentially improve treatmet efficag/ and redue the
side effecs associaté with system¢ drug delivery. Antibody-
directed enzyne prodrug therafy (ADEPT) was developé to
achiee thee goals!2 In this treatmen strategy a conjugate
formed betwea an antibod/ and an enzyne (immunoenzymgis
first administeredAfter theimmunoenzyrme accumulate at tumor
cells arelatively nontoxic prodrug is systemicaly administere to
allow selective enzymatt activatian of the prodruy at the tumor
cells ADEPT has demonstrate advantage for tuma theragy in
animd modesk including high accumulatia of drug at solid tu-
mors32 bystande killin g of antigen-negatie tumar cells* and im-
proved efficagy compare with conventionh chemotherapy.
Promisirg antituma activity has been demonstrat in a pha® |
clinica trial.6

Tuma cells may escap destructio by ADEPT due to physio-
logic barries tha preven conta¢ of immunoenzyre with tumor
cells loss of tumor-associatéantigen on the tumar surfae or the
developmenof drug resistancelnduction of antituma immunity
ard subsequenimmune-mediate killin g of inaccessit# or drug-
resistam tuma cells could greaty enhane the therapeut poten-
tial of ADEPT. Antitumor immunity in ADEPT, however has
remaine& unexplorel becaus immunodeficien mice hawe been
employal in mog studies’ In the presem investigation we em-
ployed arat modé of malignan hepatocellulacarcinona ascites
to investigaé the relationshp betwee ADEPT ard antitumor
immunity. We shav tha ADEPT can synergiz with the immune
system to provide increasd therapeut efficacy.

MATERIAL AND METHODS
Reagents

BHAMG and pHAM were synthesizd as described. Polyi-
nosinic-polycytidylc acid and egg ovalbumn were from Sigma
(St Louis, MO). Recombinah 3G was produce as described.
Sprague-Dawlg rats and BALB/c mice were obtainal from and
maintainel in the animd room of the Institute of Biomedical
ScienceAcadema Sinica Animal experimens were performel in
accordane with institute guidelines.

Cells

AS-3D rat hepatocellula carcinona cells®© were generously
provided by Dr. J.P. Charg (Institute of Zoology, Academia
Sinica Taipei Taiwan) AS-3M cells were passage in vivo as
ascites in SD rats NMU mammay adenocarcinoa(CRL-1773),
N1-S1 hepatocellula carcinona (CRL-1604) C6 glioma (CCL-
107) ard YAC-1 lymphonma (TIB-160) cells were obtaina from
the American Type Culture Collection (ManassasvA) . Cellswere
cultured in DMEM (Giboo BRL, Grard Island NY) supplemented
with 5% heat-inactivaté bovine serum 100 U/mL penicillin and
100 pg/mL streptomycin.

Antibodies

The MAb RH1 is amurine IgG2a MAb tha binds a 32 kDa
antigen expressé on the surfae of AS-30D cellsit The MAb
RH1 has previousy been employeal for ADEPT in SD rats2and in
scid mice® OX-8, OX-35 OX-38 ard 3.23 hybridoma& were
obtainal from the Europea Collection of Cel Cultures (Salisbury,
Wiltshire, UK). Hybridoma were reclonal by limiting dilution
and secretim of antibodies was verified by ELISA. Hybridoma
ascites were producel in pristane-primd mice The MAb RH1
was purified from ascites by proteinA affinity chromatography.
W3/25-FITC (anti-CD4) OX8-FITC (anti-CD8) OX19-FE (anti-
CD5) ard 3.2.3-FITC (anti-NK) were purchasd from Serotec

Abbreviations 5-FC, 5-fluorocytosing ADEPT, antibody-directd en-
zyme prodrug therapy APC, antigen-presentmcells BG, E. coli-derived
B-glucuronidaseBHAMG, tetran-buty ammoniun sat of the glucuronide
of p-hydroxyanilire mustarg CD, cytosire deaminasgeCTL, cytotoxic T
lymphocyte E:T, effector/targe ratio; FITC, fluorescen isothiocyanate;
GCV, ganciclovir, GM-CSF, granulocyte/macrophagcolony-stimulating
factor, IFN-q, interferone; IL, interleukin MAb, monoclon& antibody;
NK, naturd killer (cell); OVA, ovalbumin PEGC peritone& exudae cells;
pHAM, p-hydroxyanilire mustard RBC, red blood cell; RH1-8G, conju-
gae if_ MADb RH1 with B-glucuronidasgSD, Sprague-Dawleytk, thymi-

ine kinase.
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(Oxford, UK). Goat anti-rat Ig and FITC-conjugated goat anti€D4" and CD8 T cells were double-labeled as CD6D4" and
mouse lg were from Organon Teknika (Turnhout, Belgium). CD5"CD8" cells1¢ respectively. Lymphocytes (5¢ 10°) in
. . DMEM containing 0.5% bovine serum were incubated for 60 min
Antibody-directed enzyme prodrug therapy at 4°C with first and second antibodies. Cells were washed and
Recombinant3G was covalently linked to the MAb RH1 assuspended in PBS containing@/mL propidium iodide before
described to create RHIG .13 SD rats weighing 250—-350 g werethe surface immunofluorescence of*Mable cells was measured
i.p. injected with 1.5< 10” AS-30D cells on days 1 and 2. On daywith a FACScaliber flow cytometer (Becton Dickinson, Mountain
7, rats were i.p. injected with PBS or 30@ RH13G followed 2, View, CA). Dead cells, identified by red propidium iodide fluo-
3 and 4 hr later with 7.5 mg/kg BHAMG in PBS. Age-matchedescence, were gated out. Fluorescence intensities were analyzed
naive controls and long-term survivors were challenged after vagith Cell Quest Software (Becton Dickinson).
ious periods with 10live AS-30D cells (i.p.) on 2 sequential days.
Rats surviving for 60 days without formation of tumors wer&TL assay
considered cured. The specificity of ADEPT was examined in Cells (5% 10° to 3 X 10° CHA, NMU, N1-S1 and C6) were
groups of 4 SD rats by i.p. injection of 16 10" AS-30D cells on labeled with 30u.Ci/mL [3H]-thymidine for 16 hr in complete
days 1 and 2. On day 7, rats were i.p. injected with PBS, 7@08edium. Labeled cells (X 10°) were mixed with the indicated
pg-mol RH1, 700 pg-mol RH1 and 700 pg-n®G or 700 pg-mol ratios of enriched PEC in 96-well round-bottom microtiter plates.
RH13G followed 2, 3 and 4 hr later with PBS, 7.5 mg/kgPlates were centrifuged at 29@r 2 min and then incubated for
BHAMG in PBS or a single injection of 5 mg/kg pHAM. 5 or 16 hr in a C® incubator. Harvested cells were counted for
. o radioactivity on a TopCount microplate scintillation counter
Tumor immunization and challenge (Packard Instrument Company, Meriden, CT). Specific killing was
Groups of 8 SD rats were i.p. injected on day 1 with doses @hlculated by 100< (S — E)/S, where S= cpm of cells in the
10’, 1¢° or 1C° lethally irradiated (40 cGy) AS-30D cells. Controlabsence of killers and E cpm of cells in the presence of killets.
rats f1 = 6) were injected with PBS. All rats were challenged with . ) )
i.p. injections of 10 live AS-30D cells on days 100 and 101. In aln Vivo depletion of immune cells during ADEPT
separate experiment, groups of 6 SD rats were i.p. injected on dayCD4" T cells were inactivated by i.p. injection of 1 mL OX38
0 with 1C® lethally irradiated AS-30D cells or fOirradiated and 1 mL OX35 ascites every day from day 0 to day 6 and every
AS-30D cells that had been treated with 30 RH13G. Another 2 days from day 8 to day 14. CD8T cells were depleted by i.p.
group of rats was i.p. injected with 156 10 live AS-30D cells on injection of 1 mL OX8 ascites on days 0, 2, 6 and 13. Both CD4
days —5 and —4 and then treated by ADEPT on day 1. All ratsand CD8" T cells were depleted by injecting OX38, OX35 and
were challenged with 0live AS-30D cells on days 50 and 51. OX8 ascites. NK cells were depleted by i.p. injection of 0.5 mL
. . . 3.2.3 ascites on days 0, 2, 6 and 13. Macrophages were inactivated
Ex vivo antibody-directed enzyme prodrug therapy by i.p. injection of 100 mg silica suspended in water on days 0, 6
Forty-eight SD rats were divided into 6 groups of 8 rats. Thand 13. Blood samples collected from rats starting on day 7 were
first group was i.p. injected with 1.& 10" live AS-30D cells on characterized by immunofluorescence staining as described above.
days 1 and 2 and then treated by the standard ADEPT protocol @D rats were i.p. injected with 1.8 10 AS-30D cells on days 1
day 7. Then 6x 10° live AS-30D cells were incubated with 3 mgand 2. On day 7, rats received i.p. injections of PBS or 300
RH1-3G for 1 hr on ice, washed twice with PBS and separated inRH13G followed 2, 3 and 4 hr later with 7.5 mg/kg BHAMG in
3 fractions of 2x 10° cells. One group of rats was i.p. injectedPBS. The survival of animals was monitored for 100 days.
with 2 X 10° RH1BG-coated cells and then immediately i.p. o
injected with 3 hourly i.p. injections of BHAMG (7.5 mgl/kg). CD4" T-cell activity
BHAMG was added to a final concentration of 10 or 2001 to SD rats were s.c injected with 1Q0y OVA on days 1 and 11.
the other 2 fractions of RHBG-coated AS-30D cells (each2 Rats were then injected with 1 mL OX35 and OX38 ascites from
10° in 30 mL complete medium) for 2 hr at 37°C. The cells wergays 22 to 28. Spleens were removed from control and depleted
then washed twice with PBS, and>2 10® cells were i.p. injected rats on day 29. RBCs were lysed in ACK buffer and enriched
into 2 groups of rats. Another group of rats was i.p. injected wittymphocytes were obtained from spleen cells by removing plastic
2 X 10° AS-30D cells that had been exposex vivoto 10 uM  and Ig" adherent cells. Lymphocytes were enriched for T cells on
pHAM for 2 hr at 37°C. A final group of naive rats was not treateda nylon wool column. Eluted cells (2 10°) were mixed with 4X
All rats were challenged with ¥0ive AS-30D on days 50 and 51. 10° irradiated naive splenocytes (APC) and f@§/mL OVA in
. . wells of a 96-well microtiter plate. After culture for 96 hr, 1
In vitro cell depletion pCifwell of [3H]-thymidine was added for 16 hr before the radio
Naive or ADEPT-cured rats were i.p. boosted withx210”  activity of the wells was determined.
lethally irradiated AS-30D cells after 40—-100 days. Peritoneal o
exudate cells (PEC) were collected 6 days later. RBCs were lydd@crophage activity
in ACK buffer (0.15 M NH,CI, 10 mM KHCG;, 0.1 mM SD rats were s.c. injected with 1Q@ BG in complete Freund’s
Na,EDTA, pH 7.2). The cells were incubated in a 15 cm culturadjuvant on day 1 and boosted with 1p@ BG in incomplete
plate at 37°C for 1 hr to remove plastic-adherent cells. ¢glls adjuvant on day 15. Spleens were collected from the rats on day
were removed by panning on a 15 cm culture plate coated with 188. T cells were isolated from splenocytes by treatment with ACK
wg/mL of goat anti-rat Ig. Nonadherent cells, referred to as ebuffer and removal of plastic-adherent,"lgnd nylon wool ae
riched PEC, were employed in CTL assays. For depletion expéerent cells. Another group of rats was i.p. injected with 100 mg
iments, enriched PEC were incubated with medium alone silica on days 24 and 31. Splenocytes or PECX(40°) collected
0OX35, OX8 or 3.2.3 ascites (1:500) for 1 hr at 6-10—°C before tHfeom silica-treated rats on day 34 were irradiated and then incu-
cells were washed 3 times with DMEM. Goat anti-mouse lg®ated for 96 hr with 1Qug/mL BG and 2x 10° T cells. PH]-
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) wetbymidine (1 nCi/well) was added for 16 hr before the radioac-
added for 15 min before the cells were washed once with mediutivity of the wells was measured in a TopCount scintillation
Depletion of labeled cells was carried out in BS separation cateunter.
umns according to the manufacturer’s instructions (Miltenyi Bio- -
tec). NK cell activity
) SD rats were i.p. injected with 0.5 mL 3.2.3 ascites on days 0,
Flow cytometer analysis 2,7 and 14. Both naive and depleted SD rats were i.v. injected with
T cells were identified by the rat CD5 T-cell markénvhereas 500 g polyinosinic-polycytidylic acid on days 7 and 14. RBCs in
the MAb 3.2.3 (anti-CD16) was employed to identify NK céelfs. splenocytes that were collected 17 hr later were lysed with ACK
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TABLE | —EFFICACY OF ADEPT THERAPY OF AS-30D ASCITES TABLE Il —SPECIFICITY OF ADEPT
. Cures/total . . Long-term
First Second M I J
Experiment Nontreated ADEPT Group injeléfion injg(::(t)ign ((?:;Siugg;i sum\a/‘cl)rs/
1 0/6 19/20 Control PBS PBS 10.8 0.63  0/4
2 0/6 15/16 Drug PBS pHAM 19.5- 85 1/4
3 0/4 12/12 Prodrug PBS BHAMG 11.& 1.5 0/4
4 0/4 11/11 Immunoenzyme RHBG PBS 155+ 2.2 0/4
5 0/6 21/22 ADEPT RH18G BHAMG >40°4 4/4
6 0/6 24/24 Antibody RH1 PBS 14.3- 3.3 0/4
7 0/4 7/8 Antibody + RH1 BHAMG 14+2.1 0/4
8 0/4 15/16 prodrug
9 0/6 30/30 Antibody + RH1,8G PBS 10.8£ 0.85  0/4
10 0/2 212 enzyme
Total 0/48 156/161 AnetlrE)Zo;i%e-tr RH1,3G BHAMG 20.8* 8.2 1/4

'SD rats were i.p. injected with 1.8 10" AS-30D cells on days 1 prodrug

s e e g R Sy 15 1SD rats were 1p. njected wii 15 10/ AS30D cells on days 1

surviving for at least 60 days were considered cured. and 2. On day 7, rats were injected with PBS or the indicated com-
pounds followed 2, 3 and 4 hr later with PBS, prodrug (BHAMG) or
drug (pHAM). Animals survival was followed for 40 day$Signifi-
cantly greater than control group & 0.05).-Significantly greater

buffer and then incubated with 5,088Cr-labeled Yac-1 cells. The than ail other groupsp(= 0.05).2Significantly greater than con-

radioactivity of 50pL samples of culture supernatant collectedrol group @ = 0.0005).

after 6 hr was measured in a Topcount scintillation counter.

Statistical analysis TABLE Il —PROTECTIVE IMMUNITY INDUCED BY ADEPT*
Statistical significance of differences between mean values was Days after Cures/total
estimated with the shareware program Schoolstat (White AntAPEPT therapy Naive ADEPT
Occasional Publishing, West Melbourne, Australia) using the in- ;¢ 0/4 a/4
dependent-test for unequal variances. 30 0/4 4/4
45 0/4 4/4
100 0/8 8/8

RESULTS

; - ; - INaive rats or rats cured of AS-30D tumors by ADEPT were
AS-30D hepatocellular carcinoma cells injected into Sym‘:]ene&;1allenged with 2x 107 live AS-30D cells at the indicated times. Rats

SD rats formed malignant ascites with 100% animal mortali iving the t hall for at least h
within 3—4 weeks (Table I). ADEPT was performed 7 days aft%ﬂ{‘é'c‘,’.'”g e tumor challenge for at least 60 days were considered

inoculation of AS-30D tumor cells by first i.p. injecting RHIG

followed by injection of BHAMG, a glucuronide prodrug of ani-

line mustard. Table | shows that ADEPT cured 96.9% (156 of 161)is. Taple 111 shows that cured rats were protected from a lethal
of rats bearing established malignant ascites. The requirementsdQL|jange of AS-30D cells as soon as 15 days and for at least 100
therapeutic efficacy by ADEPT were assessed in a separate expelis after termination of ADEPT. Immunization of up t0°10
iment in which rats were treated 7 days after tumor inoculatiop, giation-killed AS-30D cells failed to induce protective immunity

Table Il shows that untreated rats had a mean survival time %da subsequent challenge of live AS-30D cells (Figj, Indicat-

10.8x 0.63 days, showing that tumors were well advanced at thgy that AS-30D cells were not highly immunogenic. Figute 1
initiation of therapy. _ ~ shows that tumor growth in rats that were injected with immu-
Treatment of the advanced tumors with pHAM, the activBoenzyme-coated AS-30D cells was not significantly delayed
product of BHAMG, produced 1 long-term survivor40 days) compared with rats that were injected with radiation-killed AS-
but did not significantly increase mean survival time. EffectivgoD cells after challenge with live AS-30D cells (24 2.3 vs.
treatment of advanced AS-30D tumors required combined treap + 2.8 days,p = 0.3). Thus, RHI8G did not dramatically
ment with RH18G immunoenzyme and BHAMG prodrugincrease tumor cell immunogenicity.
(ADEPT). Treatment with RHBG alone resulted in a slight but  tapje 1y shows that the development of antitumor immunity
significant increase in mean survival time (15:52.1 daysp = equired administration of RHRG and BHAMG to rats that had
0.05 compared with control rats) but did not produce any I0ngsaplished ascites tumors. AS-30D cells treated with RB1-
term survivors. Treatment with BHAMG alone did not providegioyed by either a low dose (1aM) or high dose (20GuM) of
antitumor activity. Combination treatment vgnth RHSS and - pHAMG before implantation into SD rats failed to protect animals
BHAMG (ADEPT), in contrast, produced 100% long-term Survi.om 4 |ethal challenge of live AS-30D cells given 50 days later.
vors (mean survival times alk 40 days). Injection of the MAD | i e\yise, immunization of rats with tumor cells that were treated
RH1 did not produce significant antitumor activity regardless Qfy \iyowith pHAM, the active metabolite of BHAMG, did not
whether BHAMG was also administered. Injection of a mixture ghect rats from a later tumor challenge. AS-30D cells that were
MADb RH1 and freeBG (equivalent amounts as contained in the,yrated with RHBG ex vivoand implanted into the peritoneal
RH1BG immunoenzyme) did not increase the mean SL"V'V%gvity of rats before BHAMG was administered also failed to

times of the rats, whereas injection of RHiG and BHAMG Jrotect animals from a lethal challenge of AS-30D cells.
produced 1 long-term survivor although mean survival time was

not significantly increased. ADEPT significantly increased thk vitro analysis of effector cells

mean survival times of tumor-bearing ras € 0.05) compared  Naive and ADEPT-cured rats were stimulated with an i.p.

with all other regimens shown in Table II, clearly showing thajjection of radiation-killed AS-30D tumor cells, and the lytic

.eﬁ:ectlve treatment of advanced tumors depended on both té@wn:y of peritoneal lymphocytes isolated 6 days later was as-

immunoenzyme and the prodrug components of ADEPT. sayed. Lymphocytes isolated from ADEPT-cured but not from
The development of protective immunity in rats cured byaive rats killed AS-30D target cells in a dose-dependent manner

ADEPT was examined by i.p. injection of>2 10" viable AS-30D (Fig. 2). Killing was specific for AS-30D cells because lympho-
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TABLE IV — GENERATION OF PROTECTIVE IMMUNITY REQUIRES ADEPT
A TREATMENT OF ESTABLISHED TUMORS
Mean Long-term
100 Treatment (d:;;\)/gaISE survivgr§/total
ADEPT® >55.9+ 4.1* 718
Naive 23.0+ 1.0 0/8
Ex VivORH1BG® 273+ 2.6 0/8
EX vivo200 uM BHAMG®
Ex VivoRH1BG® 29.6+ 4.6 1/8
50 | EX vivo10 uM BHAMG®
EX ViVORH1BG® 25.0+0.8 0/8
In vivo BHAMG”
Ex vivo10 pM pHAM® 251+ 2.0 0/7
1SD rats that received various treatments were challenged 50 days
later with live AS-30D cells. Results show the survival of animals
o starting from the first day after AS-30D challenge=60 days.2SD
2\_, 0 L 1 L L rats were i.p. injected on days 1 and 2 with X510" viable AS-30D
— 0 5 10 15 20 25 cells. Rats were treated on day 7 by i.p. injections of R3&.-and
(g BHAMG.-“Significantly greater{ = 0.0005) than naive ratSAS-
= 30D cells were incubated with RHAG ex vivo-°AS-30D cells were
c incubated with the indicated concentration of BHAMG or pHAM for
2 2 hr before the cells were i.p. injected into naive r&i&S-30D cells
w treated with RHI1BG were I.p. injected into rats followed by i.p.
A injections of BHAMG as in ADEPT.
60 -~
—~
o\o —
S’
O 40 L - 1
C
— .
&
o T
] ] ) = 20 L
0 1
0 20 40 60 80 100 o
Q- -
Days after challenge %)
o ) ) o ) 0 L Y -
Ficure 1-—Lack of protective immunity after immunization with ~
irradiated AS-30D cells.a) Groups of 6—8 SD naive rats were i | |
untreated (open circles) or i.p. injected with’{@riangles), 16 (solid — * —
circles) or 18 (squares) radiation-killed AS-30D cells 100 days before 10 100
challenge with live AS-30D cells.bj Groups of 6 SD rats were .
untreated (open circles), injected with AS-30D tumors and treated by Effector / Target Ratio

ADEPT (open triangles) or i.p. injected with 40adiation-killed

AS-30D cells without (solid triangles) or with prior exposure to R . .

RH1G (solid circles). Rats were challenged with live AS-30D cells FIGURE 2— CTL activity induced by ADEPT. Naive (open circles)

50 days later. Results show the survival of rats starting from the fir@f ADEPT-cured SD rats were i.p. boosted with radiation-killed AS-

day after AS-30D challenge. 30D cells. Peritoneal cells isolated 6 days later were depleted of
plastic-adherent and fgcells before they were assayed for cytotox
icity against AS-30D (triangles), NMU (squares) or C6 (solid circles)

. . cells in a 16 hr CTL assay. Results represent mean specific killing
cytes isolated from hosts cured of AS-30D ascites by ADEPT dighlues of quadruplicate determinations at the indicated effector to

not kill syngeneic NMU mammary adenocarcinoma or C6 gliomerget ratios. Bars, SE.
cells.

In vitro depletion was employed to delineate which subset of The cytotoxic activity of antibody-depleted PEC from ADEPT-
lymphocytes was responsible for killing AS-30D tumor cellseyred rats was examined against AS-30D tumor cells in both 5 hr
Naive and ADEPT-cured rats were stimulated by an i.p. injectiofitig. 4a) and 16 hr (Fig. B) assays. Depletion of CD8T cells but
of radiation-killed AS-30D ce.lls, and PEC were isolated 6 c_iayﬁ;ot CD4" T cells or NK cells totally blocked (Fig.a) or reduced
later. Large numbers of plastic-adherent cells were present in {{igy. ) killing of AS-30D target cells. Plastic-adherent and Ig
peritoneal exudates; 50% and 88% of PEC from ADEPT-curegjis did not contribute to killing because there was no difference
and naive rats bound to plastic, respectively. The remaining Plfetween the cytotoxicity produced by PEC before and after re-
was characterized by immunofluorescence staining. Figare goval of these cells (Fig.adb). PEC isolated from rats cured of

shows that 36% of the peritoneal lymphocytes isolated from naiygs-30D tumors by ADEPT also killed syngeneic N1-S1 hepato-
rats were CD8 T cells and 60% were CD4T cells. ADEPT-  cellular carcinoma cells in a CD8 T-cell-dependent fashion

cured rats had fewer CD4T cells (Fig. &) but far more NK cells (Fig. 4c).

(17.2%; Fig. &) compared with naive rats (1.8%) (Figh)3 . _ . . .

Depletion of lymphocyte subsets with antibody-coated magneffé Vivo potentiation of antitumor immunity by ADEPT

beads resulted in the removal of 99.5% of CD# cells (Fig. %), The relationship between antitumor immunity and ADEPT was
98.1% of CD8 T cells (Fig. 3)) and 99.4% of NK cells (Fig.f3.  investigated byn vivo depletion of specific populations of immune
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Ficure 3 —In vitro depletion of lymphocyte subsets. Naig i) or
ADEPT-cured SD ratsci-g) were i.p. boosted with radiation-killed
AS-30D cells. PEC isolated 6 days later were depleted of plastic-
adherent and I§ cells (@—d) as well as CD4 (g), 3.2.3" (f) or CD8"

(g) cells. Cells were stained with anti-CD5-PE and anti-CD4-FITC
(first column) or MAb 3.2.3 and goat anti-mouse-FITC (second col-
umn) before the fluorescence of cells was determined in a FACScali-
ber flow cytometer.

Ficure 4—Depletion of CD8 T cells decreases CTL activity
against hepatocellular carcinoma cells. Naive (open circles) or
ADEPT-cured rats were i.p. boosted with radiation-killed AS-30D
cells, and PEC were isolated 6 days later. PEC were immediately
assayed for CTL activity (open squares) or first depleted of plastic-
adherent and I§ cells (open triangles) as well as CD4solid trian
gles), CD8 (solid squares) or NK (solid circles) cells before they
were assayed for CTL activitya) 5 hr assay, AS-30D cells as targets.
(b) 16 hr assay, AS-30D cells as targety.§ hr assay, N1-S1 cells as
targets. Results represent mean specific killing values of quadruplicate
determinations at the indicated effector to target ratios. Bars, SE.

Specific killing (%)

A

30 |-

20 |

10 |

cells. Injection of OX8 ascites completely depleted CDBcells

(Fig. 5h), also shown by the disappearance of C@®4~ T cells

(Fig. 5d). Figure 5 shows that injection of OX35 and OX38 ascites
modulated the expression of surface CD4 as previously demon-
stratedt® Figure @& shows that treatment of rats with OX35 and
0X38 functionally inactivated CD4 T cells because the prolifer
ation of T cells from rats treated with OX35 and OX58 was
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Ficure 5— FACs analysis of immune cells after antibody depletion.
Blood cells isolated from SD rats befora,¢e) or 1 day after i§,d, f)
injection of OX8 ,d) or OX35 plus OX38 {) ascites were double- T+APC+BG q
labeled with anti-CD5-PE and anti-CD4-FITC or anti-CD8-FITC as
indicated. Immunofluorescence was determined on a FACScaliber
flow cytometer. T+BG

reduced by 84% compared with untreated rats (F&). Bjection T+APC

of 3.2.3 ascites reduced the activity of NK cells by 70-90% (Fig.
6b). The activity of macrophages was reduced by 98% in rats T+dAPC+B3G
treated with silica (Fig. €. The antigen-presenting activity of | 1 1 1 ]

PEC was also reduced by a similar amount after silica treatment of 0 4000 8000
rats (results not shown).
Figure 7 shows the results of immune cell depletion during cpm

ADEPT. Untreated rats died from ascites within 25 days of tumor
inoculation. Rats treated by ADEPT, in contrast, surwved for 100 Ficure 6 — Functional assay of effector cells aftervivo depletion. &)
days and appeared to be free of disease. Depletion of NK cells@m4* T-cell proliferation. T cells isolated from the spleens of OVA-
macrophages during ADEPT did not affect therapeutic efficagyymunized rats (FAPC+OVA) or from OVA-immunized rats after 7
because all rats were healthy after 100 days. Depletion of'Qid4 consecutive daily injections of OX35 and OX38 ascites
CD8" T cells, in contrast, significantlyp(=< 0.05) decreased the (dT+APC+OVA) were incubated with irradiated antigen-presenting
efficacy of ADEPT with 50% of rats depleted of CDA cells and  Cells and ovalbumin for 96 hr beforéH]-thymidine incorporation was
75% of rats depleted of CD8T cells dying within 100 days measured. Assays performed without the addition of T cells (RGEA)
Depleti f both CD4 and CD& T cells totally ab ted th. or antigen-presenting cells fIOVA) are indicated.l) NK cell activity.
epletion of bo an cells totally abrogate 0 € SD rats were untreated (open symbols) or injected with 3.2.3 ascites on
effectiveness of ADEPTH = 0.0005) in this model with 100% of gays 1, 2, 6 and 13 (solid symbols). Splenocytes collected from rats 17 hr
the rats dying by day 36. Rats that died after depletion of CD# after injection of polyinosinic-polycytidylic acid on days 6 (squares) and
CD8" T cells displayed disseminated tumors outside the perita3 (circles) were assayed for lysis r-labeled YAC-1 cells. @
neal cavity and in the liver (Fig.cJ. Macrophage activity. Splenocytes isolated from untreated (APC) or silica-
treated (dAPC) rats were irradiated and mixed \BithlucuronidasegG)
and T cells isolated frong-glucuronidase-immunized rats (T):H]-
DISCUSSION thymidine incorporation was measured 96 hr later.

Antibody-directed enzyme prodrug therapy is attractive for cancer
treatment because high concentrations of antineoplastic drug carebly require the generation of antitumor immunity. The role of im-
selectively generated at tumor cells to increase the therapeutic indeomity in ADEPT has remained unexplored because most studies
of chemotherapy. Cure of disseminated disease, however, will préfave investigated human xenografts in immunodeficient itk
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A antitumor immunity due to dose-limiting leukoperi&24 On the

contrary, we found that rats cured by ADEPT with a prodrug of an
alkylating agent developed potent antitumor immunity. More im-
portantly, ADEPT synergized with the immune system to control
metastatic disease.

Several lines of evidence indicate that antitumor immunity
generated by ADEPT was not simply due to the intrinsic immunity
of AS-30D cells employed in our study. Rats could not be pro-
tected from a lethal tumor challenge by immunization of large
numbers of radiation- or drug-killed AS-30D cells. Immunoen-
zyme-coated tumor cells did not produce protection, showing that
the tumor cells were not “haptenizeéb’In addition, AS-30D cells
treatedex vivowith immunoenzyme and prodrug did not develop
protective immunity. Protective immunity was also not observed
after in vivo prodrug treatment of AS-30D cells that had been
coatedex vivo with immunoenzyme. Our results indicate that
antitumor immunity was only generated after progressively grow-
ing tumors were treated by ADERT situ. Further investigation is
required to determine the relationship between the tumor micro-
environment and ADEPT-generated immunity.

CD8" T cells were primarily responsible for killing tumor cells.
CD8" T cells in rats cured of AS-30D tumors also lysed N1-S1
hepatocellular carcinoma cells but not mammary or glioma tumor
cells, indicating that antitumor immunity was generated against a
shared hepatocellular carcinoma antigen. Although large numbers
of NK cells were found in the peritoneal cavity of ADEPT-cured
rats (Fig. &), NK cells did not appear to play a role in the control
of tumor growth because CTL activity was tumor specific, removal
of NK cells did not decrease CTL activity against AS-30D cells
and protective immunity was long lived. In addition, depletion of
NK cells during ADEPT did not affect therapeutic efficacy. Lytic
activity could not be completely blocked by removal of CD8
cells in long-term (16 hr) CTL assays (Figb)4 suggesting that
other cells such as neutropi#tsor eosinophild” may have con-
Ficure 7 —In vivo depletion of cell subsets during ADEPTa)( tributed to tumor cell killing.

Groups of 7 or 8 rats bearing established AS-30D ascites were nonp, important finding of our study was that ADEPT did not cure

depleted (open squares) or depleted of NK cells (solid circles), mac- .
rophages (open triangles), CDAT cells (solid triangles), CD8 T Aimor-bearing rats depleted of CD4and CD8 T cells even

cells (solid squares) or both CD4and CD8 T cells (diamonds) though it was curative given 7 days after tumor transplantation in
during ADEPT therapy. Control rats bearing AS-30D ascites (opdAts With an intact immune system. Depletion of either Clst
circles) were not treated by ADEPT. Results show animal survivelD8" T cells resulted in animal deaths due to disseminated tumor
from the first day of tumor inoculation. Livers removed from rats aftegrowth. Thus, either host immunity or ADEPT in the absence of an
treatment by ADEPT without or with depletion of CD4 T cells ©)  intact immune system did not control tumor growth whereas
are shown. ADEPT cured immune competent animals, showing that ADEPT
synergized with the immune system to provide greater antitumor

therefore employed a rat model of malignant ascites to investigate f{icacy. It should be noted that ADEPT with RHSTS and
role of antitumor immunity in ADEPT. The advantages of this modéf' MG cured AS-30D solid tumors in immunodeficient mite,
include the ability to propagate syngeneic tumors at an orthotopic sgePing that host immunity is not strictly required for the antitu-
in immune competent animals, the effective treatment of advanc&y" activity of ADEPT with BHAMG.
tumors by ADEPT and the ease of isolating tumor-infilrating lym- Enhanced antitumor immunity has been recently reported after
phocytes. Treatment of advanced tumors with drug (pHAM), prodrigglicide gene therapy of cancer employing herpes simplex virus-
(BHAMG), antibody (RH1), enzymeBG) or immunoenzyme (RH1- thymidine kinase (tk) to activate ganciclovir (GCV) or cytosine
BG) did not control tumor growth (Table II). deaminase (CD) to activate 5-fluorocytosine (5-FC). Similar to our
These results are in agreement with our previous findiags'esults, specific antitumor immunity beyond that produced by
Although this is a peritoneal tumor model, the combinatiofsGf Immunization with radiation- or drug-treated tumor cells has been
and BHAMG or a mixture of RH1BG and BHAMG did not demonstratep! for some tumors treated by tk/G%:{@'l or CD/S-
provide effective antitumor activity. We have previously showffC> In addition, T cells have been found to be involved in the
that treatment of advanced malignant AS-30D ascites with a cdfduction or effector phases of the immune response in some
trol immunoenzyme and BHAMG produced significantly mor&ases-32 The relevance to our results of the finding that GCV
toxicity than treatment with RHBG and BHAMG22 Thus, effi- induction of tumor cell necrosis rather than apoptosis was related
cacious treatment of advanced tumors requires combined treatni@nigpregulation of heat shock protein 70 expression and increased
with both RH18G and BHAMG (Table Il), showing that ADEPT tumor cell immunogenicit§? remains to be determined.
provides selective antitumor activity. Several differences in the tumor immunity produced by ADEPT
Many of the prodrugs under development for ADEPT are alkyn our study and the immunity induced by prodrug activation by tk
lating agent® due to their high antitumor activity,efficacy or CD are also apparent. Although both CD &@ are derived
against tumor cells with defects in p53 and F21ow likelihood from E. coli, it appears that genetic modification of tumor cells
of inducing multiple drug resistangeand short half-lives to limit with CD induces much stronger cellular immunity against the
diffusion of toxic drug from the tumor sit& Tumor treatment by enzyme than does RHAG. For example, tumor cells transduced
ADEPT with alkylating agents, however, could prevent effectiverith CD can be rejected without prodrug treatm&hand immu-

Survival (%)
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nization of cells that express CD can protect against a challengenodrs therefore usually requires direct injection of tumors with
unrelated tumor cells if they also express €D. viral or nonviral delivery systems, limiting therapeutic utility to
We found, in contrast, that treatment of advanced tumors wiftpndisseminated tumors. Antibodies, however, can target tumor
BG or RH1BG did not induce tumor rejection (Table 1) and thatcells after systemic administration and have clearly demonstrated
ex vivosaturation of tumor cells with RHBG did not provide clinical utility for imaging*> and therap§f-#” with 8 antibodies
protective immunity even when combined with BHAMG treatalready approved for clinical usé. ADEPT may also provide
ment (Table 1V). The high immunogenicity of CD is probably dué€nhanced bystander killing of tumor cells since prodrug is acti-
to efficient presentation of CD peptides by MHC class | on tumofated extracellularly;3¢ eliminating the need for active drug to
cells since CD is expressed in the cytosol of transduced tunfdffuse to neighboring cells through gap junctidfis.
cells. RH1B8G, however, is targeted to an antigen on the surface of Combination of cytokine genes with tk or CD transgenes has
AS-30D tumor cells that is poorly internaliz®€dand may not be been shown to potentiate the antitumor immunity generated by
effectively presented by MHC class | molecules although this hasicide gene therapy in several models. For example, GCV treat-
not been experimentally determined. Activation of 5-FC by CBnent of tumors transduced with IL-2 and tk genes produced
has also been found to induce immunity mediated primarily by NKrotective immunity whereas treatment of tk-transduced tumors
cells in some tumor modéis38 whereas we did not find any did not#3NK and CTL activities were enhanced by 5-FC treatment
evidence for the involvement of NK cells in the antitumor immuef tumor cells that were transduced with both IL-2 and CD adeno-
nity generated by ADEPT. viruses*2 Similarly, a combination of GM-CSF adenovirus with

Although it is difficult to make comparisons among differenfcD transduction also increased CTL activifyand generation of
models, ADEPT with BHAMG may also produce more potengystemic immunity after GCV treatment required expression of

antitumor immunity compared with CD- or tk-mediated prodru@oth IFN« and tk in another modéf These results suggest that
activation. Treatment of tk- or CD-transduced tumors with GCV ditimulation of the immune system by cytokines or immunocyto-
5-FC in many instances produced similar antitumor immunity ddnes$* may further increase the therapeutic potential of ADEPT.

immunization with radiation- or drug-treated tumor céigonly
weak or no CTL activity after prodrug treatment of tunfgrg-42

Our results also suggest that nonimmunogenic immunoenzymes
should be employed to alleviate the need to administer immuno-

and incomplete®-32 or no*344 protective immunity. ADEPT, in suppressive drugs to patients during ADEPT if repeated treatments
contrast, generated long-lasting systemic antitumor immunity th@fe giverk? Thus, immunoenzymes constructed with human
could not be generated by immunization of radiation-treated tumrglucuronidas&-55 or human carboxypeptidase #lmay be

cells even with addition of immunoenzyme (Fig. 1), and strongreferable for the clinical application of ADEPT.

CD8" T cell CTL activity was produced even withoir vitro
stimulation of T cells (Fig. 2). Further studies are required to
determine the generality of these findings.
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