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ABSTRACT patients, it is unlikely that this current form of the vaccine is potent
enough to be effective in the majority of patients with minimal
residual disease or small numbers of metastases (8—11).

Studies aimed at identifying tumor-associated T-cell antigens (12, 13)
of identifying more potent cancer vaccine strategies for clinical testing. We a_nd unders_tar?dlng _ant'gen'SpeC'f'C _T'CG” re_gulatlon (14-16) have pro-
tested immune-modulating doses of chemotherapy in combination with a vided new insights into the mechanisms of immune tolerance that may
granulocyte/macrophage-colony stimulating factor (GM-CSF)-secreting, limit the effectiveness of cancer vaccines (17-20). For example, a num-
HER-2/neu (neu)-expressing whole-cell vaccine as a means to treat exist-ber of nonmutated, tissue-specific proteins have been identified as T-cell
ing mammary tumors in antigen-specific tolerized neu transgenic mice. targets recognized on human tumors (12-13, 21, 22). This implies that
Earlier studies have shown thatneu transgenic mice exhibit immune mechanisms are in place to delete or suppress high avidity T cells specific
tolerance to the neu-expressing tumors similar to what is observed in for these antigens that would otherwise be capable of inducing autoim-
patients with cancer. We found that cyclophosphamide, paclitaxel, and  mnjty. This also implies that T cells with lower avidity for these same
doxorubicin, when given in a defined sequence with a GM-CSF-secreting, aniigens may have escaped tolerance and are capable of being activated.
neu-expressing whole-cell vaccine, enhanced the vaccine’s potential ©This would explain reports describing the existence of ineffective anti-

delay tumor growth in neu transgenic mice. In addition, we showed that bod d T-cell directed at ifi ti d b
these drugs mediate their effects by enhancing the efficacy of the vaccine ody an -cell responses directed at Speciiic antigens expressed by

rather than via a direct cytolytic effect on cancer cells. Furthermore, simultaneously progressing cancers in patients (11, 23).
paclitaxel and cyclophosphamide appear to amplify the T helper 1 neu- ~ Several groups have observed that some chemotherapeutic agents
specific T-cell response. These findings suggest that the combined treat-can modulate the immune response (24-34). A number of reports
ment with immune-modulating doses of chemotherapy and the GM-CSF- have demonstrated that some chemotherapeutic agents can enhance
secreting neu vaccine can overcome immune tolerance and induce anthe antitumor activity of adoptively transferred T cells (25, 26), tumor
antigen-specific antitumor immune response. These data provide the im- yaccines (29, 31), and macrophages (30). For example, it has been
munological rationale for testing immune-modulating doses of chemother- ynown for a long time that pretreatment with agents such as CTX
apy in combination with tumor vaccines in patients with cancer. enhances the efficacy of adoptive transfer of antigen-specific lympho-
cytes and antitumor vaccines (25, 26, 31). The immunopotentiation of
INTRODUCTION T cell-mediated immune response by CTX has been suggested in

Cytokine-secreting, whole-cell cancer vaccines are currently beilf rious animal tumor models as well as in Phase I/l clinical trials (25,
investigated for the treatment of solid tumors (1-3). In particula?, *,31_33,)' Mokyret al. (34) demgnstrgteq that the timing bgtween
tumor cells genetically modified to secrete GM-CGSRduce a sys- antigen injection and CTX administration is crucial to potentiate the

temic tumor antigen-specific T-cell response potent enough to c@atitumoral immune response. Other studies have revealed the syner-

mice with preestablished micrometastases (4). GM-CSF recruits ddfptic effect of chemothe_rapy with passive immunotherapy using the
dritic cells to the vaccine site where they take up and process tunjfé)l?R'Z/neu targ(_eted antibody, traStUZL_'mab (35, 36).

antigens, subsequently presenting them in a form that can inducd/lice transgenic for the nontransforming r&u proto-oncogene ex-
effective systemic T-cell responses (5-7). Clinical trials testing boBieSsed under the control of a mammary-specific promoteu ffans-
autologous and allogeneic tumor cells engineered to secrete GM- Ic m'C?) develop spontgneous foca] mammary a'den.ocarcmomas (.37)'
for the treatment of a variety of human cancers have already belg described recently the |mmunolog|ca_l ch_aractenzatl_on of thgse mice
completed or are under way (8—11). Although induction of antitum@nd found that T-cell tolerance to neu exists in these mice relative to the

immunity and clinical responses have been demonstrated in Soﬂ%ental nontransgenic mice (38). Despite the existence of tolerance, it
was possible to induce neu-targeted immunity potent enough to over-
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Tumor-specific immune tolerance limits the effectiveness of cancer
vaccines. In addition, tumor vaccines alone have a limited potential for the
treatment of measurable tumor burdens. This highlights the importance
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Fig. 1. neu-specific vaccination can prevent and treat neu-expressing tumors in the parental FVB/N boentaimsgenic mice. Parental FVB/N (A) andutransgenic (C) mice
were vaccinated with three simultaneous s.c. injections ®BT3-neu/GM vaccine cells (right and left hind limbs and left upper limb) on day 0 and challenged witt0%(FVB/N
mice) or 5x 10* (neutransgenic mice) NT cells into the right upper mammary fat pad on day 14. In a treatment experiment, a second group of parenta) Bx@isutransgenic
(D) mice were first implanted with 5 10° (FVB/N) or 5 X 10* (neutransgenic mice) NT cells into the right upper mammary fat pad. FVB/N mice were vaccinated 2 weeks later,
andneutransgenic mice were vaccinated 1 day later with three simultaneous s.c. injectiorfs3W3t8eu/GM into the right and left hind limbs and left upper limb. All mice were
monitored twice a week for a change in tumor growth. Plotted is the mean of the products of the two perpendicular diamétéos {iwerto eight mice/group as a function of days
after tumor implantationbars, SE. Control mice in each study received similar injections with the 3T3/GM mock vaccine. Similar results were obtained in four independent
experiments.4, controls 3T3/GM (mock vaccine)y, vaccination 3T3-neu/GMk, P < 0.05 as determined by unpaired Studentiest.

obtained commercially from The Jackson Laboratory. All experiments involweu/GM are 3T3-newells that produce murine GM-CSF). Murine GM-CSF
ing the use of mice were performed in accordance with protocols approvedgrgduction was tested with a commercially available ELISA kit (Endogen,
the Animal Care and Use Committee of the Johns Hopkins University Schasbburn, MA) and was determined to be between 200 and 250 hgélle/24 h
of Medicine. for 3T3/GM and 3T3reu/GM. GM-CSF bioactivity was confirmed using the
Cell Lines and Media. NT cells were derived from spontaneous mammarngsM-CSF-dependent cell line, NFS-60, as described previously (4). Production of
tumors of femaleeutransgenic mice as described previously (Ref. 38; NT cellgM-CSF by untransduced NT cell line is not detected as determined by ELISA.
are from a neu-expressing tumor cell line derived from spontaneous tumetof  chemotherapeutic Agents.PTX (Bristol-Myers Squibb, Princeton, NJ),
transgenic mice; NT-B7 are NT cells that human the B7 costimulatory moleculgjox (Gensia, Irvine, CA), and CIS (Bristol-Myers Squibb) were diluted in HBSS

The NT cell line overexpresses the reicDNA, and these levels remain stablepefore injection. CTX (Bristol-Myers Squibb) was diluted in sterile water before
(38). The NT cell line was grown in our defined Breast Media, which consists ﬁ’fjection. PTX, CTX, and CIS were injected i.p.; DOX was injected i.v.

RPMI 1640 (Life Technologies, Inc., Grand Island, NY) with 20% FBS (Hyclone, "\/a¢cination and Tumor Challenge. On the day of vaccination, vaccine cells
L°9_’a”' U_T ). 1%L-quFam|ne (JRH Blosuence_sz !_enexa, KS)’_l% non-essent@own in vitro were trypsinized, washed three times in HBSS (pH 7.4; Life
amino acids, 1% sodium pyruvate, 0.5% penicillin/streptomycin, 0.02% Gema’ﬂéchnologies, Inc.), and counted. The cells were resuspended in HBSS at 10

icin (Sigma Chemical Co., St. Louis, MO), and 0.2% insulin (Lilly, Indlanapo''S‘Cells/ml and irradiated with 50 Gy from'a’Cs source (Nordion, Toronto, Ontario,

o o im0 )
IN), and maintained at 37°C in 5% GGatmosphere. The NT cell "Pe was Canada), discharging 1400 rad/min. Eight-week-ofa transgenic or FVB/N
expanded to large numbers to produce master cell banks of each line to avoid

extensivein vitro passage, thereby maintaining reproducibility of elcivivo miCe were given three simultaneous 10iGs.c. injections (right and left hind limbs

study. Production was performed at the NIH cGMP facility (Frederick, MD). neeL‘Jr_]d left arm) using a 1-ml twberculin syringe with a 27-gauge needle (39). The

and MHC class | levels were tested by fluorescence-activated cell sorter apge n the vaccine group received three 5|multaneous_ _|n1ect|ons‘508m
confirmed to be stable before and after freezing. NT-B7 cells were produced U%UIGM cells. T(_) insure that the effect observed MpeCIﬂC, all control mice
retroviral transduction of NT cells with a human B7-1 encoding retrovirus & ngl_as the mice in thg ch_emotherapy group alone received a mock_vac_cmanon
described previously (4). NT-B7 was maintained in our defined Breast Medignsisting of three s.c. injections OfIBT3/GM cells. 3T3/GM mock vaccination
supplemented with neomycin (Life Technologies, Inc.). NIH-3T3 cells (3T§,'d not delay the occurrence of tumor growth compared with mice injected only
ATCC, Rockville, MD) were grown in DMEM (Life Technologies, Inc.) with with HBSS (data not shown). On the day of the tumor challenge, NT cells thawed
10% bovine calf serum (Hyclone) 1@4glutamine, 1% non-essential amino acids{fom frozen bank stores and grovim vitro for 1 or 2 weeks were trypsinized,

1% sodium pyruvate, 0.5% penicillin/streptomycin at 37°C and 10% @@o- Washed three times in HBSS, and injected into the right upper mammary fat pad.
sphere. The NIH-3T3 derivative, ATCC CRL-1915 (3fi@; ATCC), which Mice were challenged with % 10" (neutransgenic) or 5< 10° (FVB/N) NT
overexpresses the rat HERs@liproto-oncogene, was grown in 3T3 mediz0.3  tumor cells. In treatment experiments, mice were challenged with NT cells on day
uM methotrexate at 37°C in 10% G@tmosphere. NIH-3T3 cells and 3fgu 0 and vaccinated on day 3 unless otherwise specified. In prevention experiments,
were genetically modified to express the murine cytokine GM-CSF using theice were challenged with NT cells 2 weeks after vaccination. Tumor occurrence
retroviral vector MFG as described previously (4), resulting in 3T3/GM anghown as the tumor-free probability) or changes in tumor growth were monitored
3T3-neu/GM cell lines, respectively (3T3/GM are 3T3 cells that produce muriteice a week. Changes in tumor growth (frwvere determined by multiplying
GM-CSF; 3T3-neware NIH-3T3 cells that express rat HER#lU cDNA; 3T3-  the two perpendicular diameters.
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Table 1 Dose- and schedule-dependent associations between chemotherapy and toells required for tumor growth in 100% of animals was at least
GM-CSF secreting whole-cell vaccine in FVB/N rfice 100-fold lower for theneu transgenic mice when compared with
T cell count parental FVB/N mice (38). Nontransgenic andu transgenic mice
(nadir) number/ were compared for their ability to respond to a neu and GM-CSF

.
(ncﬁlmgl i’?nge, Chemotherapy 1 day Chemotherapy 7 days expressing whole-cell vaccine (3T@u/GM) given before or after a
4000-9000) before vaccine after vaccine tumor challenge with NT tumor cells. Nontransgenic FVB/N mice
CTX . vaccinated once with 3T3-neu/GM demonstrated an impressive anti-
igomrg/gk/ﬁg giggﬁ %23 : : tumor response capable of preventing and treating large tumor bur-
150 mglkg 1559+ 356 + NT dens (Fig. 1A andB). neutransgenic mice given the same vaccine
ggg mg;tg 1;‘833; ‘1‘;2 if: m demonstrated a small but significant and reproducible delay in trans-
PTX plantable tumor growth when the tumor challenge was given 2 weeks
20 mg/kg 4365+ 501 + - after the vaccine (Fig. 1C). However, in treatment experiments, a
32 mgﬂzg o O N statistical difference in the rate of tumor growth between the control
40 mg/kg 3451+ 345 +/— NT and the vaccine groups was not detectedéntransgenic mice, even
DOX if the vaccine was administered as early as 1 day after the tumor
gmgftg gggf’é éigg i;: 15: challenge (Fig. 1D). These results provide further evidence that the
15 mglkg 4180+ 501 - - neutransgenic mice demonstrate an immune tolerance to neu.
C'gm « 63205 903 o o Identification of a Chemotherapy Dose Range and Sequence of
3 mg,kg 6200+ 674 - - Administration That May Enhance the Antitumor Effects of the
5 mg/kg 3679+ 455 - - 3T3-neu/GM Vaccine. The data presented in Fig. 1 show that our
10 mgkg 3400 697 - - vaccine approach is potent enough to eradicate large established tumor

* FVB/N mice were implanted with 5 10° NT cells in the right upper mammary fat b \rjens in a host that does not exhibit antigen-specific immune tolerance
pad on day 0. Groups of 5-10 mice received either: (a) HBSS as a control; él)gj . .

3T3-new/GM vaccine cells; (c) chemotherapy; or (d) chemotherapy and 3T3-newdf tumor. In contrast, the same vaccine is not potent enough to prevent
vr?clcir;te ceé”S, ﬁTﬁ;ngtl{/Gg\/l vzclcige cells l\_/vege inizctec; S.ﬁll at three sit@mwsit;), ~tumor development in theeu transgenic mice (38, 41). Therefore,

the left and right hind limb and left upper limb, on day 3. All mice were monitored twic : :

a week for a c?hange in tumor growthpgs determined gy multiplying the two perpendicuTQpmune'mOdmatmg agents th_at can overcome th_e_m_eCham_sms_ of toler-
diametersP was determined by unpaired Studertttest. ance may enhance the effectiveness of neu-specific immunization.

b BIoc_)d was drawn 4 days after c_hemotherapy administration (nadir), and T cells wereQne immune-modulating approach is to test selected chemothera-
automatically counted (ANTECH Diagnostics, New York). Data shown are the mean of .. . . . .
T cell counts for three mice at day 4 after chemotherapy injection (nadir). peutic agents at non-immune-suppressing doses for their ab”'ty to

© +, additional effect (vaccine/chemotherapy group statistically superier (F05) to  enhance the potency of the vaccine. We therefore tested four chemo-

each treatment modality alone}/—, no effect (vaccine/chemotherapy group statistically; i i i i ;
superior (P< 0.05) to chemotherapy group but not to vaccine group)inhibition effect therapeUtIC agents (CTX’ DOX, PTX, and ClS) in combination with

(no statistical difference between vaccine/chemotherapy group and chemotherapy groiti§ 3T3-neu/GM vaccine. These four drugs were chosen for evalua-
NT, not tested. tion for three reasons: (a) these agents are commonly used for the

treatment of human cancers; (b) each drug represents a different class
T-Cell Assays. neu-specific, IFNy- or IL-4-producing T cells were quantified of chemotherapeutic agents and would be expected to interact with the

by ELISPOT analysisneutransgenic mice were given a s.c. challenge with N'f"acc'_ne by distinctly d_lfferent mechanisms; ar there are dat_a In
cells, followed 3 days later by vaccination with 3W8u/GM or 3T3/GM with or  the literature suggesting that each of these agents have immune-
without chemotherapy. On day 12 after vaccine, T cells were isolated froModulating effects (24-34, 42, 43).

splenocytes by Ficoll (Amersham, Uppsala, Sweden) separation and passed ovhiitially, feasibility studies were performed in FVB/N mice to identify

a nylon wool column to remove B cells and macrophages. Cbdls were  a dose range and optimal sequence of administration for each chemo-
positively selected with Dynabeads and Detachbead mouse CD4, according taffegapeutic agent when combined with the vaccine. Mice were given
manufacturer’s instructions (Dynal, Lake Success, NY). After one round of €D45 » 10f NT cells inoculated into the right upper mammary fat pad on day
positive selection>98% of cells were shown to be CD4by fluorescence- ( anq yaccinated 3 days later with three simultaneous s.c. injections of
activated cell sorter. neu-specific IFNer IL-4 production was determined by a 1 X 10 irradiated 3T3-new/GM cells given into the left and right hind

standard ELISPOT protocol and as described previously (38, 40)yifrébated . . .
NT-B7 cells (1¢ per well) were used as stimulators, and serial dilutions (J*mbs and the left upper limb. Each of the four chemotherapeutic agents

unfractionated lymphocytes or CDAT cells were added to the wells for an 18-hWWere given either 1 day prior to vaccination (at the time of immune
incubation at 37°C. Each condition was tested in triplicate. Reagents and matef41§1ing) or 7 days after VaCC|nat|or1 (at the time of initial T-cell activation
used in the assay were the following: 96-well filtration plate (MA1PS451@Nd expansion). Table 1 summarizes the dose range for each agent used
Millipore, Molsheim, France), rat antimouse IFpat 10ug/ml (PharMingen, San as well as the type of effect observed.
Diego, CA), rat antimouse biotin IFN-(Biosource International, Camarillo, CA), ~ When either PTX (dose range between 20 and 30 mg/kg) or CTX
rat antimouse I'L-4 at 1Q_Lg/ml (PharMingen), rat antimouse_biotin IL-4 (Bio- (dose range between 50 and 150 mg/kg) were given prior to the
source International), avidin-alkaline phosphatase agnl (Sigma Chemical y/accine, the combination of chemotherapy plus vaccine was better to
C‘i:' . ;_0“'3' glr?), ‘_"‘n? 2’br°m°'4'Ch'°r°'3"nd°'y' phosphate/nitro blue tetray, 6| tumor growth than treatment with either modality alone (Table
0 '“m.( lgma Lhemica O').' ) 1). However, when these two chemotherapeutic agents were given at
Statistical Analysis. Unpaired Student's tests were performed to analyze L S
928 same doses 7 days after vaccination, the combination chemother-

tumor size and ELISPOT data. Kaplan-Meier analyses were used to anal i )
tumor-free survival, and the log-rank test was used for comparigors0.05 apy/vaccine was not superior to chemotherapy alone. In contrast,

was considered as statistically significant. DOX (dose<10 mg/kg) and CIS (dose:5 mg/kg) neither inhibited
nor significantly enhanced the potency of the vaccine when given
RESULTS either 1 day before or 1 week after vaccination.

CTX, PTX, and DOX Enhance the Antitumor Effects of the
A neu-targeted Vaccine Is Highly Effective at Preventing and Vaccine and Significantly Delay Transplantable Tumor Progres-
Treating neu-expressing Tumors in Parental FVB/N but not in  sion in neu-Transgenic Mice. Next, we tested the dose and schedule
neu-Transgenic Mice.We have shown previously thateu trans- of each chemotherapeutic agent found to be effective in the nontolerized
genic mice demonstrate immune tolerance to neu; the dose of tumuce for the ability to enhance the potency of the vaccine inrthe
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Fig. 2. DOX, PTX, and CTX can enhance the antitumor effect of the neu-targeted vacoiee-transgenic mice when given in proper sequence. Between five and eight mice/group
received either: (a) mock vaccination (3T3/GM) as control; (b) 3T3-neu/GM vaccine alone; (c) chemotherapy and a mock vaccine (3T3/GM); or (d) chemotherapy and 3T3-neu/GM
vaccine. In all experiments, 8 10* NT cells were implanted in the right mammary fat pad on day 0, and mice were vaccinated on day 3. Vaccination consisted of eigh@G3T3-
or 3T3/GM given s.c. at three sites fleells/site), the left and right hind limbs and left upper limb. All mice were monitored twice a week for a change in tumor growth. Plotted is
the mean of the products of the two perpendicular diameters’(ifamfive to eight mice/group as a function of days after tumor implantatiams, SE. Similar results were obtained
in two independent experiments, 5 mg/kg DOX was given i.v. on day 2, 1 day before vaccinatiirb mg/kg DOX was given i.v. on day 10, 1 week after vaccinati®i20 mg/kg
PTX was given i.p., on day 2, 1 day before vaccinatidon20 mg/kg PTX was given i.p. on day 10, 1 week after vaccinaiori00 mg/kg CTX was given i.p. on day 2, 1 day before
vaccination.F, 100 mg/kg CTX was given i.p. on day 10, 1 week after vaccinati#n.controls-3T3/GM (mock vaccine)), vaccination 3T3-neu/GM@®, 3T3/GM (mock
vaccine)+ chemotherapyX, vaccination 3T3-neu/GM vacciné chemotherapys, P < 0.05 as determined by unpaired Studentsst between the chemotherapy group alone and
the chemotherapy and vaccine group.

transgenic mice. Mice were inoculated withxs510* NT cells in the right  vaccine was significantly more effective at controlling the tumor occur-
upper mammary fat pad on day 0 and vaccinated 3 days later. As shaeince than either treatment modality alone. This polychemotherapy/vac-
in Fig. 2, when either CTX or PTX was given 1 day before vaccinatiosjne regimen cured 20% of theeu transgenic mice in two similar
they enhanced the potential of the vaccine to delay tumor growth. dmperiments and was better to control tumor growth than CTX/vaccine or
contrast, DOX had no effect when administered prior to vaccination HDOX/vaccine (data not shown).
could enhance the antitumor effect when administered 1 week after th€hemotherapy Appears to Enhance the Potency of the neu-
vaccination. CIS was the only drug of the four that did not appear targeted Vaccine through a Mechanism Distinct from Direct Tu-
enhance the antitumor immune response of the vaccine at all at the dose Lysis. Prevention experiments were performed to determine
range and schedules studied (data not shown). whether the mechanism by which the chemotherapeutic agents en-
Because CTX and PTX enhance the effect of the vaccine at a differeance the efficacy of the vaccine is through direct tumor killing or
time point than DOX, it is likely that the mechanisms by which thethrough amplification of the antitumor immune response. Mice re-
interact with the vaccine also differ. If this is indeed the case, then itégived three simultaneous s.c. injections of 3W3-neu/GM vaccine
possible that administering either CTX or PTX in sequence with both tirethe right and left hind limb and right upper limb on day 0. PTX or
vaccine and DOX would further enhance the antitumor immune respoiSEX were given i.p. 1 day prior and DOX was given i.v. 7 days after
in the neutransgenic mice. We therefore tested the combination of CToaccine. All mice were challenged with>s 10% NT cells 14 days after
(200 mg/kg) and DOX (5 mg/kg) given, respectively, 1 day before andvaccination. This experimental design makes it unlikely that the
days after vaccination. This polychemotherapy regimen induced a mildemotherapy can directly reduce the tumor burden because the
leukopenia ranging between 4000 and 5000 WBCs (normal betwedremotherapy dose was administered 7 days prior to tumor challenge
8,000 and 12,000). As shown in Fig. 3, the association of CTX/DOX amor DOX and 15 days prior to tumor challenge for PTX and CTX. As
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=3 data therefore suggest that CTX and PTX, when given prior to the

~——Controls 3T3/GM (n=10) ] increase or decrease the Thl or Th2 response (data not shown). These
p
vaccine, enhance the Thl T-cell response.

=& Vaccination 3T3-neu/GM (n=14)

=—8—3T3/GM + Cyclophosphamide 100 mg/kg +
Doxorubicin § mg/ kg (n=11)
p=.02

e
]
L

DISCUSSION

ination 3T3-new/GM + Cycl
100 mgikg + D bicin 5 mg/ kg (n=14] . . . .
ok + Boxorubicin S marka 1) The data presented in this study support the following two conclusions:
(@ CTX, PTX, and DOX, when given in a defined sequence with a
murine GM-CSF secreting neu-expressing whole-cell vaccine, enhance
the potential of the vaccine to delay tumor growth in tolerizesl
transgenic mice. The optimal immune-modulating dose for each chemo-
therapeutic agent appears to be just above doses that begin to induce
cytopenias; and {bthe enhanced antitumor response appears to be
0 — —r— mediated, at least in part, by an increase in number and function of
1 6 11 16 21 26 31 36 41 46 S antigen-specific T cells (CTX and PTX), in particular the Th1 response.
Days post tumor injection . . . . .
Fio. 3. Polvehemoth X e ant oot of th g These findings suggest that combined treatment with immune-modulat-
1g. 5. Polyc emot| erapy can en ance the antitumor effect of ti eneu—targete vac : .
in neutransgenic mice. Between 10 and 14 mice/group (pooled from two independmﬁ doses (_)f ChemOtherapy and th_e GM-CSF-secretlng neu_vaccme Can
experiments) received either: (a) controls 3T3/GM (mock vaccine); (b) 3T3-neu/GRVercome immune tolerance and induce a more potent antigen-specific
vaccine alone; (c) polychemotherapy and 3T3/GM (mock vaccine); or (d) polychemgntitumor immune response than vaccine alone.
therapy and 3T3-neu/GM vaccine. NT cells ¢ 10% were implanted in the right . . ff h . . .
mammary fat pad on day 0. Vaccination (3T3-neu/GM or 3T3/GM) was given at three neutransgenic mice offer t .e.opportunlty to test vaccine Strate.g|es
sites (16 cells/site), the left and right hind limbs and left upper limb, on day 3. Thén the context of tumor-specific immune tolerance (38). Our previous
chemotherapy consisted of i.p. 100 mg CTX on day 2 (1 day prior to the vaccine) and i i H i i _
5 mg/kg DOX on day 10 (7 days after the vaccine). All mice were monitored twice awee%l'ldl_e_s _have demonStrated_ tk_nﬁu tranSge_mC mice ex_hlblt a neu .
for tumor occurrences , controls 3T3/GM (mock vaccine)s, vaccination 3T3-neu/GM; SPecific immune tolerance similar to what is observed in patients with
®, 3T3/GM (mocI‘< vaccine)+ 100 mg/kg CTX + 5 mg/kg DOX; X, vaccination preast cancers that overexpress HE%B/(gS) A|th0ugh neu-
8T3-neu/GM vacciner 100 mgfkg CTX+5 mg/kg DOX. targeted vaccination was able to eradicate large burdens of preestab-
lished tumors in the nontolerized parental mice in this study, these

shown in Fig. 4, CTX and vaccine combination induced a more potes@ame vaccines could only significantly delay the development of
antitumor response than either vaccine or chemotherapy alone. Siransplantable neu-expressing tumors in a prevention model irethe
ilar results were obtained with PTX and DOX (data not shown). Thei@nsgenic mice (38). Furthermore, we did not observe a significant
data therefore support the hypothesis that these chemotherapedifference in tumor growth between the control and vaccine groups in
agents increase the potency of the vaccine via mechanisms thatthgetreatment experiments. This reinforces data reported previously
distinct from direct tumor lysis. demonstrating that tumor vaccines alone have a limited potential for
PTX and CTX Given in Sequence with theneu-targeted Vac- the treatment of measurable tumor burdens and highlights the impor-
cine Results in an Increase imeu-specific T Cells inneu-Trans-  tance of identifying more potent vaccine strategies for clinical testing.
genic Mice. IFN-y ELISPOT analysis was used to quantitate neu- We evaluated the possible integration of chemotherapy and vaccine to
specific T-cell induction inneu transgenic mice after 3T3-neu/GM treat transplantable mammary tumorsigutransgenic mice. We found
vaccine with and without chemotherapy. Mice were challenged with Nffat, when given in the proper sequence and at immune-modulating
cells, followed 3 days later with either a 3T3-neu/GM vaccine or a moéloses, systemic administration of CTX, PTX, and DOX can enhance
vaccination (3T3/GM). CTX, PTX, and DOX were given either 1 dayather than inhibit the antitumor immunity generated by the vaccine. The
before the vaccine or 1 week after the vaccine. The mice were sacrififagt that this finding is also observed in prevention experiments in which
12 days after vaccine administration, and unfractioned T cells were
isolated from the spleen as described in “Materials and Methods.” As

e
o
L

Tumor Free probability
e
-
o

o
Y
N

shown in Fig. 5, CTX and PTX administered 1 day before the vaccine Cyclophosphamide before vaccine

increased the number of neu-specific T cells when compared with mice '] “—gl‘;';t)m's 3TIIGM o

that received 3T3-neu/GM vaccine alone. PTX and CTX injected aftgr —A—Vaccination 3T3- -

the vaccine significantly decreased the number of neu-specific T cefls™®| v nouGM (n=8) p=.004
. . . . —>— Cyclophosphamide +

when compared with the mice that received vaccine alone. In contra§t ] 3T3-neu/GM (n=8)

DOX given 1 day before the vaccine or 1 week after the vaccine did nbt ™ T g e amide +

decrease or increase the number of neu-specific T cells. This suppoﬂsﬁﬁ_h& |
hypothesis that the DOX given after the vaccine increased its efficagy

through a different mechanism than PTX or CTX. 5 024 9 p
CTX and PTX Appear to Specifically Enhance the Thl Re-
sponse of the 3T3-neu/GM Vaccine imeu-Transgenic Mice. We 0 . . "~ 8 —
1 6 1" 16 21 26 31 36 41

have described previously the importance of CDHcells in orches-
trating the host response to tumor after vaccination with whole-cell

vaccines engineered to secrete GM-CSF (4 38 44). To study the Thfig' 4. Chemotherapy enhances the potency of neu-specific vaccine through a mech-
’ ’ anism distinct from direct tumor lysis. Between 5 andn@u transgenic mice were

and Th2 balance imeu transgenic mice given chemotherapy iNaccinated s.c. with 3T3-new/GM cells given at three site& ¢20s/site), the left and right
sequence with the vaccine, IFNand IL-4 ELISPOT analyses were hind limbs and left upper limb, with and without chemotherapy. Two weeks after

; e accination, mice were challenged into the mammary fat pad with1®* NT cells. Mice
performed on CD4 T cells isolated and purlfled from spleen 12 daylgn the control group received a mock vaccination(30° 3T3/GM). Mice were observed

after vaccination. As shown in Fig. 6, the Thl but not the Thgree times a week for tumor occurrence. Results are shown as tumor-free probability (Y

response was increased when PTX or CTX were given beforeags) on days after tumor challenge (X axis). Similar results were obtained in two
independent experiments., controls-3T3/GM (mock vaccine);, 3T3-neu/GM vaccine

3T3__neUIGM vaccine compared W.Ith the group that ':ecelvled tlaﬁy;t, 100 mg/kg CTX 1 day before 3T3/GM (mock vaccin¥);100 mg/kg CTX 1 day
vaccine only. In contrast, DOX given after the vaccine did nafefore a 3T3-neu/GM vaccine.
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Fig. 5. CTX and PTX but not DOX given in sequence with the ~ o ’L] ’_L’ oL 1 —
neu-targeted vaccine results in an increase in neu-specific T cells in Rt i~ LA ™ e nestom
neutransgenic mice. IFNy ELISPOT analysis was used to deter-
mine the number of neu-specific T cells inducedhieutransgenic D
mice with a 3T3-neu/GM vaccine with or without chemotherapy. NT Cyclophosphamide before vaccine Cyclophosphamide after vaccine
tumor cells (5x 10% were implanted in the right mammary upper
fat pad on day 0, and mice were vaccinated on day 3. Vaccination
(3T3-neu/GM or 3T3/GM) was given s.c. at three sites®(@6lls/
site), the left and right hind limbs and left upper limb. Mice were
sacrificed 12 days after the administration of the vaccine, and the T o
cells were isolated from spleen as described in “Materials and§.
Methods.” ELISPOT analysis was performed as described in “Ma- &
terials and Methods.” Three mice per group received either: (a)
controls 3T3/GM (mock vaccine); (b) 3T3-neu/GM vaccine alone;
(c) chemotherapy and 3T3/GM (mock vaccine); and (d) chemother-
apy and 3T3-neu/GM vaccine. Plotted are the mean (three wells/§
condition) of the number of spots counted in the wells containing the §

20
. . <
T cells and the stimulator cells minus the number of spots counted 0 l—"‘j FLI . ,_L| ’_L‘ I

in the well containing the T-cell alonéars, SD. NT-B7 stimulator

p<.05

—

40 4

T cells
a
o
N

p<.05

20 4

spots/
number of spots/ 500,000 T cells

. 3TIGM {n=3} CTX +3T3IGM 3T3-neu/GM CTX +373- ITAHGM (n=3) CTX+ 3ITIIGM 3T3-new/GM CTX +373-
cells do not give any background (data not showh)was deter- (n=3) (n=3) NeulGM {n=3) 0=3) n=3) neu/GM (n=3)
mined by unpaired Studentistest between the vaccine group and
the chemotherapy- vaccine group. . .

E Doxorubicin before vaccine F Doxorubicin after vaccine
2 404 2 40 4
3 40 %
[ -
(=3 (-3
8 g
(-3 =]
o (-3
w w
% 20 g 20 4 L
3 o
5 5
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= = 2 ’L‘

3T3GM (n=3}) DOX+3T3/GM  3T3-neu/GM DOX +3T3-

3ITYGM (n=3) DOX+3THGM 3TInew/GM  DOX+3T3-
(n=3) (n=3) neuGM (n=3)

n=3) {n=3) neu/GM (n=3)

the tumor challenge is given 7 days after the last dose of chemotherdpynonstrated that acquired tolerance to 2,4-dinitrochlorobenzene can be
suggests that the antitumor effect cannot be explained only by a dinentersed by a single treatment with CTX just prior to administration of
chemotherapy-induced cytolytic effect on the tumor cells. Rather, CTie allergen. Our results are consistent with these earlier findings and
PTX, and DOX appear to also have a direct immune augmenting effexinfirm that CTX can break tolerance and augment the antigen-specific
This immune-enhancing effect appears to be attributable in part to amitumor immune response induced by a GM-CSF-secreting whole-cell
augmentation of the number and activity of antigen-specific T cellgaccine in a murine model that exhibits tumor-specific tolerance. How-
Furthermore, the data suggest that PTX and CTX may amplify the Thter, an earlier study performed by our group failed to demonstrate a
T-cell response. In contrast to CTX and PTX, DOX does not appearggnergistic effect between pretreatment with CTX and immunization with
significantly enhance the number of neu-specific T cells in our model.dtGM-CSF-secreting whole-cell vaccine in the murine CT26 colorectal
is still possible that it acts by enhancing T-cell function. Howevetarcinoma model (29). The discrepancy between the results of the earlier
alternative mechanisms, including recruitment and activation of profesitidy and this current study may be explained in part by the difference in
sional antigen-presenting cells, and enhancement of innate immunetie-tumor models, because tolerance has not been demonstrated in the
sponses also require consideration. CT26 tumor system. In fact, the interactions of each chemotherapeutic
Previous studies have already demonstrated that pretreatment wigknt with vaccine were more evident in tieutransgenic mice than in
CTX prior to T-cell adoptive transfer enhances T-cell efficacy (25-26he parental FVB/N mice. The differences may also be explained by the
There are also reports suggesting that CTX can enhance the antitutiming and dose of CTX tested in the two studies (29).
immune response of whole-cell vaccination in the clinic (31) and induceThe exact mechanisms by which CTX enhances antitumor immunity
a Thl immune response in tumor models (45). Other studies hare still undergoing debate. Many studies have reported that CTX may
suggested that pretreatment with CTX can overcome tolerance (46, 4i€Jete or inhibit tumor-induced suppressor or immunoregulatory T cells
Yoshibaet al. (46) successfully provoked significant delayed-type hy48, 49). Others have suggested that CTX may release soluble factors,
persensitivity footpad reactions against syngeneic and autologous testigich may sustain the proliferation, survival, and activity of the trans-
ular cells in mice pretreated with CTX. In addition, Polekal. (47) ferred immune T cells (26). Recently, Schiavoni and colleagues (50, 51)
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Fig. 6. PTX and CTX appear to enhance the Thl 15
response of a 3T3-neu/GM vaccine ireu transgenic _L
mice. To study the Th1l and Th2 balancengutransgenic
mice given chemotherapy in sequence with the vaccineg
IFN-y (A andC) and IL-4 (BandD), ELISPOT analyses
were performed on CD4 T cells. NT tumor cells
(5 X 10% were implanted in the right upper mammary fat
pad on day 0, and mice were vaccinated on day 3. Vac-
cination (3T3-neu/GM or 3T3/GM) was given s.c. atthree 8 51
sites (16 cells/site), the left and right hind limbs and left
upper limb. Mice were sacrificed 12 days after the ad-
ministration of the vaccine, and the CDAT cells were [—I—l
isolated from spleen as described in “Materials and Meth- T
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ods.” ELISPOT analysis was performed as described in (n=4) (n=4) Nneu/GM (n=4) (n=4) (n=4) neu/GM (n=4)
“Materials and Methods.” Four mice per group received

either: (a) controls-3T3/GM (mock vaccine); (b) 3T3- Cyclophosphamide before vaccine D Cyclophosphamide before vaccine
neu/GM vaccine alone; (c) chemotherapy and 3T3/GM <05 20

(mock vaccine); or (d) chemotherapy and 3T3-neu/GM

vaccine. Plotted are the mean (three wells/condition) of 45 J T l
the number of spots counted in the wells containing the TG
cells and the stimulators cells minus the number of spotse
counted in the well containing the T cells alobeys,SD.
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not shown) P was determined by unpaired Studentest
between the vaccine group and the chemotheramac-
cine group.
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3TIGM(n=4)  CTX + 3THGM 3T3-neu/GM CTX + 3T3-
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demonstrated that CTX induces type 1 IFN secreliorivo and en- demonstrated a 2-fold increase in the number of splenic macrophages as
hances the number of T cells exhibiting the CHi4demory phenotype. early as 5 days after DOX administration. DOX has also been shown to
To our knowledge, this is the first study to evaluate the potentislcrease macrophage tumoricidal activity (59). Early studies from our
synergy between PTX and an antigen-specific whole-cell vaccine for th@up have also defined a non-antigen-dependent role for macrophages
ability to induce T-cell responses. As with CTX, we observed that PTiiduced by the GM-CSF whole-cell vaccine (4, 44). Macrophages have
was synergistic with the vaccine only when given prior to vaccinatiobeen shown to infiltrate the site of tumor challenge as early as 1 day after
Multiple immunostimulatory functions have been previously attributed immunization (4). These macrophages release nitric oxide and probably
PTX in vitro andin vivo (30, 52, 53). PTX can enhance the tumoricidatollaborate with other immune cells infiltrating the site to cause its
activity of murine macrophages by inducing nitric oxide production argestruction (44). Further investigation of the effects of DOX on macro-
secretion of TNFe, IL-183, and superoxide anions (54). PTX has alsphages when given with the GM-CSF-secreting vaccine is under way.
been reported to enhance macrophage IL-12 production, a Thl-typ&/e successfully combined immune-modulating doses of chemo-
cytokine (54). This finding provides one explanation for the observederapy and an antigen-specific vaccine to treat neu-expressing tumors
PTX/vaccine induced increase in a number of neu-specific Thl cellsiin neu transgenic mice. The doses of chemotherapy that appear to
our studies. The fact that PTX inhibited timevivo activity of the vaccine enhance the vaccine are clearly inferior as tumor lytic agents to the
when given after vaccination is not surprising because PTX has beemventional cytoreductive doses currently used in the clinic. Further
shown to impair the proliferation of T cells by stabilization of thestudies are needed to evaluate the impact of conventional chemother-
microtubules (55). Importantly, the observed abrogatioim efvo activ- apy doses on the potency of antigen-specific vaccines.
ity also correlated with a lack of Th1 induction when PTX was given after In conclusion, our data support a role for immune-modulating doses
vaccination. of chemotherapy in overcoming immune tolerance when combined
Among the chemotherapeutic drugs tested, DOX was the only one théth antigen-specific vaccination. These data provide the rationale for
enhanced thé vivo antitumor response when given after the vaccinéesting immune-modulating doses of chemotherapy in sequence with
This observedn vivo response could not be correlated with an increasmtigen-specific cancer vaccines in patients with cancer.
in the number of neu-specific T cells. Although an earlier report from our
group suggested that DOX could enhance tumor-specific T-cell activity,
this finding was only based on an observed increase in CTL activity'A‘CK’\|OVV|-EDGMENTS
vitro (29). Others have reported t_h.at splenic and tumor-i.nfiltrating matureWe thank W. G. Nelson, H. I. Levitsky, F. Korangy, and F. Brancati for
_T cells were comp_le_tely msensmve_to DO_X cytotoxicity and showegiiical review of the manuscript.
increased CTL activity when examinexk vivo (56). However, CTL
activity is not quantitative and has not been rigorously evaluated for its
ability to correlate within vivo antitumor activity. Other reports have REFERENCES
suggested that DOX can modulate monocyte/macrophage activity in @Npardoll, D. M. Paracrine cytokine adjuvants in cancer immunotherapy. Annu. Rev.
antigen-independent manner (24). Mihich and colleagues (57, 58) haveimmunol.,13: 399415, 1995.
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