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Successful adoptive immunotherapy with vaccine-sensitized T cells,
despite no effect with vaccination alone in a weakly immunogenic
tumor model
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Abstract Tumor cell vaccines have been successful at
inducing immunity in naı̈vemice, but only in a few reports
has vaccination alone induced regression of established
tumors and, generally, only when they are very small.
Clinically, vaccinations alone may not be able to cause
regression of established human cancers, which tend to be
weakly immunogenic. We hypothesized that pharmaco-
logic ex vivo amplification of a vaccination-induced im-
mune responsewith subsequent adoptive immunotherapy
(AIT) to tumor-bearing animals would be more effective
in treatment of these animals than vaccination alone. The
4T1 and 4T07mammary carcinomas are derived from the
same parental cell line, but 4T1 is much less immunogenic
and more aggressive than 4T07. Vaccination with either
4T1, 4T1-IL-2, or 4T07-IL-2 was not effective as treat-
ment for established 4T1 tumors. However, 4T1 or 4T07-
IL-2-vaccine-sensitized draining lymph node (DLN) cells,
activated ex vivo with bryostatin 1 and ionomycin and
expanded in culture, induced complete tumor regressions
when adoptively transferred to 4T1 tumor-bearing ani-
mals. This was effective against small tumors as well as
more advanced tumors, 10 days after tumor cell inocu-
lation. Furthermore, as would be required for this

approach to be used clinically, vaccine-DLN cells ob-
tained frommice with established progressive 4T1 tumors
(inoculated 10 days before vaccination) also induced
regression of 4T1 tumors in an adoptive host. In none of
these experiments was exogenous IL-2 required to induce
tumor regression. The response to tumor cell vaccine can
be amplified by ex vivo pharmacologic activation of sen-
sitized T cells, which can then cure an established, weakly
immunogenic and highly aggressive tumor that was
resistant to vaccination alone.

Keywords Bryostatin 1 Æ Ionomycin Æ Adoptive
immunotherapy Æ Cyclophosphamide Æ 4T1

Introduction

Recent advances in cellular immunology, molecular
biology, and gene therapy have contributed to the
development of multiple new vaccine approaches to
cancer treatment. These vaccines include genetically
modified tumor cells, antigen-loaded dendritic cells, and
purified tumor antigens, all designed to amplify the host’s
initial antitumor response [8, 9, 14, 15, 21, 22, 29, 30, 31,
38, 47]. Although there have been some encouraging re-
sults when these vaccines have been used to protect
against a tumor challenge or to treat small established
tumors, larger tumors have been more resistant to active
specific immunotherapy. In some model systems, ampli-
fication of the response to vaccines with the addition of
systemic cytokines has increased antitumor activity and
tumor regressions, but sometimes at the cost of increased
adverse effects and toxicity. In clinical trials, ex vivo
antitumor activity has been demonstrated after tumor
cell vaccination, but vaccines have had only limited
success inducing tumor regressions, even with the addi-
tion of cytokine infusions or insertion of cytokine genes
[14, 16, 18, 34, 38, 46].

Adoptive immunotherapy (AIT) with tumor-sensi-
tized lymph node T cells has long been known to be able
to induce regression of small or early tumors in mice [13].
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However, this has generally only been shown for
immunogenic tumors and usually requires administra-
tion of systemic interleukin-2 (IL-2) in vivo. We have
previously shown that adoptive transfer of tumor-sensi-
tized lymphocytes, activated with bryostatin 1 and ion-
omycin (B/I) and expanded in culture with low dose IL-2,
induced tumor-specific regression of small, established
tumors and 3-day lung metastases [39, 42]. These results
were obtained with moderately immunogenic sarcoma,
melanoma, and mastocytoma tumor models. Bryostatin
1 activates protein kinase C (PKC) and ionomycin in-
creases intracellular calcium; together these agents mimic
critical intracellular signaling events leading to T-cell
activation [7, 40]. Recently, we reported that adoptive
transfer of pharmacologically activated vaccine-draining
lymph node (VDLN) lymphocytes could induce regres-
sion of a moderately immunogenic murine mammary
carcinoma, 4T07 [11].

The experiments reported here take advantage of the
4T1 and 4T07 tumor cell lines, which were both derived
from the same spontaneously arising murine mammary
carcinoma, 410.4 [1]. Both 4T1 and 4T07 are highly
tumorigenic but, in contrast to 4T07, 4T1 is a poorly
immunogenic, highly aggressive, metastasizing cancer.
Our aim was to use the 4T1 tumor model to test the
hypothesis that adoptive immunotherapy can amplify the
antitumor effects of a weakly immunogenic and otherwise
ineffective tumor vaccine (4T1 or 4T07-IL-2) in the
treatment of this weakly immunogenic cancer (4T1). If so,
then adoptive immunotherapy (AIT) with VDLN cells
might induce tumor regressions that couldnot be achieved
with vaccination alone. In order to demonstrate the clin-
ical utility of this approach, we also performed AIT with
B/I-activated VDLN cells against large established tu-
mors, and with T cells sensitized in a tumor-bearing ani-
mal with metastatic disease. In both scenarios, we were
able to cure established 4T1 tumors.

Materials and methods

Mice

Virus-free BALB/c mice (Charles River Laboratories, Cambridge,
MA)were used, between 8 and 12 weeks of age, caged in groups of six
or fewer, and providedwith food andwater ad libitum.All guidelines
of Virginia Commonwealth University, which conform to the
AmericanAssociation forAccreditation of LaboratoryAnimal Care
and theUSDepartment ofAgriculture recommendations for the care
and humane experimental use of animals, were followed.

Tumor cell lines

For the study, 4T1 and4T07mammary tumor cell lines and their IL-2
transduced counterparts (4T1-IL-2, 4T07-IL-2) were kindly pro-
vided by Dr Jane Tsai at the Michigan Cancer Foundation, Detroit,
Michigan. Cells were maintained in Dulbecco’s Modified Essential
Medium (DMEM)with 10%heat-inactivated fetal calf serum (FCS)
(Hyclone, Logan,UT), 1-mMsodiumpyruvate, 100-U/ml penicillin,
and 100-lg/ml streptomycin (Sigma, St Louis, MO). G418 (Sigma)
600 lg/mlwas added to4T1-IL-2and4T07-IL-2 cultures tomaintain

selective pressure in favor of the transfected tumor cells. Meth A
sarcoma (ATCC, Rockville, MD) and CT26 colon carcinoma
(ATCC, Rockville, MD) were maintained in RPMI 1640 medium
with 10% heat-inactivated FCS, 1-mM sodium pyruvate, 0.1-mM
nonessential amino acids, 2-mM L-glutamine, 100-U/ml penicillin,
100-lg/ml streptomycin, 10-mM Hepes buffer, and5·10-5 M 2-mer-
captoethanol (Sigma) (complete RPMI). All cells were incubated in
250-ml T-flasks (PGC, Gaithersburg, MD) at 37oC in humidified air
with 5% CO2. Tumor cells were harvested for inoculation of mice
with 0.05% trypsin-EDTA (Fisher, Pittsburgh, PA).

Vaccine Therapy

BALB/c mice were inoculated subcutaneously (s.c.) in the shaven
left flank with 5·104 4T1 cells. After 4 days, either 2·106 irradiated
(10,000 rads [100 Gy]) 4T1 or 4T1-IL-2 cells, or 1·106 live 4T07-IL-
2 cells were injected s.c. into the opposite flank. In some experi-
ments, a single dose of cyclophosphamide (CYP 100 mg/kg) (Mead
Johnson, Princeton, NJ) was administered intraperitoneally (i.p.)
24 h prior to vaccine injection, so that appropriate comparison
with our AIT protocol would be possible. While 4T1 and 4T1-IL-2
cells for vaccination required radiation to avoid tumor growth at
the vaccination site and metastases, 4T07-IL-2, in contrast,
regressed spontaneously, due to its greater immunogenicity.

Sensitization of draining lymph nodes

Naı̈ve BALB/c mice were inoculated in one hind footpad with either
2x106 irradiated (100 Gy) 4T1-IL-2 cells or 1·106 viable 4T07-IL-2
cells. Other cells used for LN sensitization included 1·106 viable
Meth A or 1·106 viable 4T1 cells. In some experiments, mice were
initially inoculated in the flankwith 1·104 live 4T1 cells and thenwere
vaccinated in the contralateral footpad 10 days later with 1·106
viable 4T07-IL-2 cells (tumor-bearing donors). Ten days after foot-
pad vaccination, mice were euthanized by CO2 asphyxiation, and
popliteal lymph nodes draining the vaccination site were harvested
under sterile conditions. Although we have shown that both flank
and footpad inoculations sensitized regional DLN (inguinal and
popliteal, respectively), we used footpad inoculation and popliteal
nodes here for AIT because, in our experience, cell yields are higher
[10].

Ex vivo bryostatin 1 and ionomycin activation and expansion

DLN were dispersed into single cell suspensions, washed and resus-
pended in complete RPMI for activation with bryostatin 1 and ion-
omycin (B/I). A portion of the lymphocyte suspensions in some
experiments was suspended in complete RPMI containing 40 IU/ml
of rIL-2 (Chiron, Emeryville, CA) in 250-ml T flasks, without B/I
activation, and cultured for 4 days prior to adoptive transfer. DLN
cells intended for B/I activation were resuspended at 1x106 cells/ml
and incubated for 18 h with 5-nM bryostatin 1 (kindly provided by
the National Cancer Institute, Bethesda, MD), 1-lM ionomycin
(Calbiochem, San Diego, CA), and 80-IU/ml rIL-2 at 37�C in
humidified air with 5% CO2 (B/I-activated). After incubation, cells
were washed three times with warm (37�C) complete RPMI and
cultured for 7–10 days with 40 IU/ml of rIL-2. Cells were split to
1x106 cells/ml and refedwithmediumand40-IU/ml rIL-2 every other
day. After 7–10 days of expansion in culture, cells were washed with
serum-freemediumand the appropriate number of cells in 0.5 mlwas
injected via the tail vein.

AIT treatment of established tumors

Mice were inoculated s.c. into the shaven left flank with 1·104 or
5·104 4T1 cells in 0.05-ml DMEM. For AIT, the indicated
number of lymphoid cells in 0.5 ml of RPMI 1640, was
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administered i.v. 4 or 10 days after 4T1 flank inoculation. Mice
were given a single dose of cyclophosphamide (CYP, 100 mg/kg,
i.p.) 24 h prior to AIT (day 3 or 9).

Protection/‘‘memory’’ experiments

Mice with complete tumor regressions after AIT (‘‘treated’’) in
some experiments were kept for an additional month and then
rechallenged s.c. with 5·104 4T1 tumor cells in the opposite flank.
Alternatively, naı̈ve mice received 70·106 sensitized, B/I-activated,
expanded DLN cells i.v. One month later, these mice and age-
matched controls were inoculated s.c. with 4T1 (5·104) tumor
cells into the shaven left flank. Tumors were measured serially as
described below.

Tumor measurements

In all experiments, tumor growth was monitored with measure-
ments twice a week of perpendicular diameters. When the ‘‘tumor
area’’ (product of two diameters) was greater than 120 mm2 or if
the mouse appeared ill, the animal was euthanized by CO2

asphyxiation. Complete tumor regression is defined as the absence
of a measurable tumor on two consecutive measurements. Gener-
ally, when this occurred, tumors never regrew.

Cytokine assays

Tumor-sensitized or non-sensitized DLN cells after B/I-activation
and in vitro expansion were cultured in complete RPMI (2·106
cells/ml) either alone or with irradiated (10,000 rads [100 Gy])
4T1, 4T07, or Meth A cells in 24-well plates. The responder to
stimulator ratio was 10:1. In some experiments, T cells were
stimulated with splenocytes pulsed with AH1 peptide (SPSY-
VYHQF, from Sigma Genosys, The Woodlands, TX), 5:1. The
spleen of a naı̈ve BALB/c mouse was harvested and prepared into
a mononuclear cell suspension by Ficoll-Hypaque gradient cen-
trifugation. After mitomycin C treatment, the splenocytes (1·106/
ml) were pulsed with 100-lg AH1 per ml of cells for 4 h at 37�C.
Excess peptide was washed away, and the loaded splenocytes
were added to T cells in 24-well plates. Unpulsed splenocytes
served as a negative control. After 24 h, supernatants were har-
vested and stored at )20�C until assayed for IFN-c by ELISA
(Endogen, Cambridge, MA). Absorbance was read by an ELISA
reader (Molecular Devices) set at 450 and 550 nm, and pg/ml of
IFN-c was calculated by comparison with an IFN-c standard
curve.

Clonogenic Assay

Mice inoculated with 1·104 4T1 cells in the left flank were used
to determine the pattern and kinetics of spontaneously arising
metastases (regional or distant). Mice with 4T1 flank tumors were
euthanized at days 14, 18, and 25. The inguinal lymph nodes, one
of the regional lymphatic basins draining the left flank, and the
lungs were harvested from five mice at each time point. The
lymph nodes were dispersed into a single cell suspension and
cultured in serial dilution with DMEM containing 60-lM thio-
guanine (Sigma, St Louis, MO). Harvested lungs were diced into
1 mm3 pieces and placed in a PBS solution containing 1-mg/ml
collagenase IV and 6-U/ml elastase, rotating at medium speed in
4�C for 1 h. The solution and lung pieces were then passed
through a 70-l filter and rinsed with DMEM. The cells were then
cultured in serial dilution with DMEM + 60-lM thioguanine.
Colony forming units were counted after 10 days of uninter-
rupted incubation (37�C).

Statistical analysis

Results of tumor measurements are presented as the means and
standard errors (SE) of ‘‘tumor area’’ in each treatment group.
Differences in tumor growth among different treatment groups
were assessed by analysis of variance (ANOVA) and Tukey-
Kramer honestly significant difference test (Tukey’s HSD) using
JMPIN software (SAS Institute, Cary, NC). Each experiment in-
cluded at least six mice per group and was repeated at least twice.
An a<0.05 was used throughout to determine significant differ-
ences.

Results

Established 4T1 tumors do not respond to vaccination
alone

Use of geneticallymodified tumor cells has been one of the
strategies reported in the literature for improving vaccine
efficacy. IL-2 gene transfected 4T1 (4T1-IL-2) and its
more immunogenic variant, 4T07-IL-2, were used as
vaccines for the treatment of established 4T1 tumors.
Cyclophosphamide was administered on the day prior to
vaccination, also with the intention of augmenting vac-
cine efficacy and for appropriate comparison to our AIT
protocol [4, 6, 24].Mice with 4-day 4T1 flank tumors were
either untreated (control), treated with CYP alone (on
day 3), or with CYP + vaccine (Fig. 1). Vaccines used
included 4T07-IL-2, irradiated 4T1-IL-2, and irradiated
wild-type (wt) 4T1. Tumor growth curves in all treated
groups were similar to controls [F(2,15)=1.20, p=0.33].
Additionally, vaccination without CYP pretreatment as
well asmultiple weekly vaccinations were ineffective (data
not shown).

Regression of established 4T1 tumors is induced
by 4T1-sensitized, B/I-activated lymphocytes

Popliteal DLN cells sensitized by 4T1 were treated in
vitro with B/I for activation resulting in eight-fold
expansion in culture. Adoptive transfer of these lym-
phocytes into mice bearing 4-day 4T1 flank tumors in-
duced complete tumor regression in all six mice, whereas
control mice and mice treated only with CYP exhibited
progressive tumor growth (Fig. 2).

CYP + AIT with 4T07-IL-2–sensitized, B/I-activated
and expanded lymphocytes induces regression of small
and large established 4T1 tumors

Mice with established 4-day 4T1 flank tumors either
were not treated (control) or were treated with CYP
alone, CYP + AIT with 4T07-IL-2–sensitized, B/I-
activated, expanded DLN lymphocytes or AIT alone
(Fig. 3). All mice treated with CYP + AIT exhibited
complete tumor regression, compared with no tumor
regressions seen in control, CYP-alone, or AIT-alone
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groups [F(3,20)=47.28, p<0.0001]. Figure 4 shows the
results of AIT with 4T07-IL-2–sensitized, activated, ex-
panded DLN lymphocytes used to treat larger, 10-day
4T1 flank tumors. All mice receiving CYP + AIT
had complete regression of their 10-day flank tumors,
which was significantly different from the control and

CYP-alone groups [F(2,15)=85.43, p<0.0001]. These
results imply that AIT can be an effective treatment for
even advanced stage tumors.

Treatment of mice with 4T1 flank tumors with AIT
using DLN cells sensitized in a tumor-bearing animal

Clinically, vaccine-sensitized T cells will not be able to be
obtained from ‘‘naı̈ve’’ humans. Rather, this approach
will require that patients with established tumors be
vaccinated and their T cells then harvested for AIT. To
determine whether AIT would be successful in a more
clinically relevant animal model, mice bearing 10-day
4T1 flank tumors were vaccinated in the contralateral
footpad with 4T07-IL-2 cells. By the end of the 10-day
sensitization period, the donor mice had 20-day 4T1
tumors, which measured on average 114.71 mm2

(SE = 7.76 mm2). Their popliteal DLN were harvested
and activated per protocol and then used for AIT to

Fig. 1A–C Tumor vaccines are ineffective treatment for established
4T1 tumors. Mice with 4-day 4T1 flank tumors were either
untreated (control), were treated with CYP (100 mg/kg, i.p.) alone,
or CYP + vaccine. A Vaccinated with 2·106 irradiated 4T1 cells,
s.c.; B vaccinated s.c. with 2·106 irradiated 4T1-IL-2 cells; C
vaccinated with 1·106 live 4T07-IL-2 cells, s.c. Mean tumor area
(± SE) was charted over time for each group. Numbers to the right
indicate the number of mice with complete tumor regression per
total number of mice in each group. None of the tumor vaccines
had any significant effect on 4T1 tumor growth compared with that
of control and CYP-alone groups [F(2,15)=1.20, p =0.33]

b

Fig. 2 AIT with 4T1-sensitized, B/I-activated and expanded
lymphocytes induced regression of 4-day 4T1 tumors. Mice with
4-day 4T1 flank tumors were either untreated (control), treated
with CYP (100 mg/kg, i.p.) alone, or with CYP + AIT (10·106
cells) with 4T1-sensitized, B/I-activated and expanded lympho-
cytes. Mean tumor area (± SE) was charted over time for each
group. Numbers to the right indicate the number of mice with
complete tumor regression per total number of mice in each group.
All mice treated with CYP + AIT exhibited complete tumor
regressions, compared with no tumor regressions seen in control or
CYP alone [F(2,16)=125.71, p<0.0001]

742



treat 4-day 4T1 bearing mice. Figure 5 shows that de-
spite sensitization in mice with advanced and probably
metastatic disease (see below), CYP + AIT resulted in
complete tumor regression in five of the seven mice
treated. Groups treated with CYP + AIT with 4T07-
IL-2–sensitized DLN from either naı̈ve mice or tumor-
bearing mice fared similarly, and both were significantly
better than the control or CYP-alone groups
[F(5,33)=19.52, p<0.0001].

To determine at what point in time 4T1 tumors spon-
taneously metastasize, mice with 4T1 flank tumors were
euthanized at different times after s.c. inoculation, and the
presence or absence of metastatic disease in the regional
draining lymph nodes and in their lungs was evaluated
using clonogenic assays. Of five mice with 14-day 4T1
tumors, two had evidence of metastases in their inguinal
LN and three had lung metastases. Overall, by day 14,
four of five mice had some form of metastases (regional
and/or distant). By day 18 after tumor inoculation, 100%
of the animals had evidence of lung metastases.

Adoptive transfer of 4T07-IL-2–sensitized DLN
lymphocytes provides long-term immunologic memory
and resistance to future 4T1 tumor challenge

To test whether immunologic memory developed in
mice cured of 4-day 4T1 tumors by CYP + AIT,

Fig. 3 CYP + AIT with 4T07-IL-2 DLN cells, after B/I-activa-
tion and 10-day expansion, induced 4T1 tumor regressions in all
mice treated. Mice with established 4-day 4T1 flank tumors either
were not treated (control) or were treated with CYP alone,
CYP + AIT with 4T07-IL-2–sensitized, activated, expanded
DLN lymphocytes (10·106 cells), or AIT alone. Mean tumor area
(± SE) was charted over time for each group. Numbers to the right
indicate the number of mice with complete tumor regression
per total number of mice in each group. All mice treated with
CYP + AIT exhibited complete tumor regressions, compared with
no tumor regressions seen in control, CYP-alone, or AIT-alone
groups [F(3,20)=47.28, p<0.0001]

Fig. 4 AIT is effective in treatment of larger, 10-day tumors. Mice
with established 10-day 4T1 flank tumors either were not treated
(control), were treated with CYP alone, or with CYP + AIT
(50·106 cells) with 4T07-IL-2–sensitized, activated, expanded DLN
lymphocytes. Mean tumor area (± SE) was charted over time for
each group. Numbers to the right indicate the number of mice with
complete tumor regression per total number of mice in each group.
All mice treated with CYP + AIT exhibited complete tumor
regressions, compared with no tumor regressions seen in control or
CYP-alone groups [F(3,20)=47.28, p<0.0001]

Fig. 5 AIT with 4T07-IL-2–sensitized DLN cells from 4T1 tumor-
bearing donors. Mice with established 4-day 4T1 flank tumors
either were untreated (control), or were treated with CYP alone,
CYP + AIT (25·106 cells) with 4T07-IL-2–sensitized DLN cells
from tumor-free donors, or CYP + AIT (25·106 cells) with 4T07-
IL-2–sensitized DLN cells from 4T1 tumor-bearing donors. Mean
tumor area (± SE) was charted over time for each group. Numbers
to the right indicate the number of mice with complete tumor
regression per total number of mice in each group. Groups treated
with CYP + AIT with 4T07-IL-2–sensitized DLN from either
tumor-free mice or tumor-bearing mice were not significantly
different. However, these groups did significantly better than the
control or CYP-alone groups [F(5,33)=19.52, p<0.0001]
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successfully treated mice (‘‘prior AIT’’) and age-matched
controls were challenged with 4T1 tumor cells 1 month
after the complete regression of the initial tumor
(Fig. 6). Mice in which 4T1 tumors had been cured by
CYP + AIT were, indeed, completely resistant to
growth of 4T1 injected 1 month later. Although the
previous rechallenge experiments suggested that AIT
results in long-term immunologic memory and resistance
to tumor re-growth, it could be argued that immuniza-
tion of host T cells by exposure to tumor was responsible
for this result. To determine whether adoptively trans-
ferred B/I-activated lymphocytes are actually responsi-
ble for the long-term immunologic memory after AIT,
their ability to confer resistance to tumor challenge in
otherwise naı̈ve mice was tested. Naı̈ve mice that re-
ceived adoptive transfer of 4T07-IL-2–sensitized, B/I-
activated, expanded lymphocytes (‘‘pre-treated’’) and
age-matched controls were challenged s.c. with 4T1 tu-
mor cells 1 month after adoptive transfer (Fig. 7). Pre-
treated mice were resistant to 4T1 tumor growth, which
was significantly different from tumor growth in the
control group [F(1,10)=198.32, p<0.0001].

In vivo antigen-specific T-cell sensitization is necessary
for antitumor immunity

In other models, we have shown that antigen-specific in
vivo priming of lymphocytes is a critical component of

antitumor immunity [40]. To demonstrate this with the
4T1 model, popliteal LNs from naı̈ve mice and LNs
from the contralateral limb of sensitized mice (i.e., LN
not draining the site of vaccination) were harvested and
treated in vitro with B/I. These lymphocytes failed to
expand in culture and were insufficient in number for
AIT experiments. This was in spite of using four times
the number of naı̈ve LNs as 4T07-IL-2–sensitized LNs.
These lymphocytes were, however, able to be compared
with 4T07-IL-2–sensitized, B/I-activated lymphocytes
for their in vitro IFN-c response to tumor antigen.
IFN-c production was measured by ELISA in response
to stimulation with nothing, irradiated 4T1, irradiated
4T07, or irradiated Meth A sarcoma cells for 24 h.
Figure 8 shows that only the in vivo tumor-sensitized
lymphocytes were able to release IFN-c in response to
antigen stimulation [F(11,23)=133.256, p<0.0001]. We
also measured in vitro IFN-c production by 4T1-sensi-
tized, B/I-activated, expanded lymphocytes, using the
same stimulators and conditions. The results were then
compared with IFN-c production by Meth A–sarcoma-
sensitized, B/I-activated and expanded lymphocytes.
4T1-sensitized DLN cells produced high levels of IFN-c
in response to 4T1 or 4T07, but not Meth A cells
(Fig. 9). Conversely, lymphocytes from Meth A–sensi-
tized DLN activated with B/I, released IFN-c only when
restimulated with irradiated Meth A cells and not with
4T1 or 4T07 cells. This finding also correlates with the
antigen specificity requirements seen in vivo, as
described next.

It would be expected that vaccination with whole
tumor cells would lead to sensitization of a polyclonal

Fig. 7 Adoptive transfer of 4T07-IL-2–sensitized DLN lympho-
cytes protects naı̈ve mice from future 4T1 tumor challenges. Naı̈ve
mice that had received 70·106 adoptively-transferred 4T07-IL-2–
sensitized, B/I-activated, expanded DLN cells (pretreated) and age-
matched controls were challenged, s.c., 1 month later with 4T1
tumor cells. Mean tumor area (± SE) was charted over time for
each group. Numbers to the right indicate the number of mice with
complete tumor regression per total number of mice in each group.
Mice pretreated with AIT were resistant to 4T1 tumor growth,
compared with growth in the control group [F(1,10)=198.32,
p<0.0001]

Fig. 6 Mice exhibiting complete 4T1 tumor regressions after
treatment with B/I-activated 4T07-IL-2–sensitized lymphocytes,
were resistant to a second 4T1 tumor challenge; 4T1 tumor-bearing
mice successfully treated with CYP + AIT (prior AIT) and age-
matched controls were challenged with 4T1 tumor cells 1 month
after complete regression of initial tumor. Mean tumor area
(± SE) was charted over time for each group. Numbers to the right
indicate the number of mice with complete tumor regression per
total number of mice in each group. In mice previously cured with
AIT, 4T1 tumor growth was significantly different from tumor
growth in age-matched controls [F(1,10)=373.36, p<0.0001]
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T-cell population due to the presence of multiple anti-
gens on the tumor cells’ surface. One of the antigens
thought to be presented by 4T1 is the 9 amino acid AH1
peptide, which has also been shown to be expressed by
CT26 colon carcinoma cells [23, 33]. To delineate further
the specificity of 4T07-IL-2–sensitized T cells, we mea-
sured the amount of IFN-c released in response to
stimulation with 4T1, CT26, and AH1-pulsed spleno-
cytes from naı̈ve mice. Figure 10 shows that T cells
sensitized in vivo with 4T07-IL-2, then activated with

B/I and expanded in culture, released IFN-c in response
to 4T1, CT26, and especially to AH1-pulsed splenocytes.
In contrast, stimulation with Meth A cells or unpulsed
splenocytes did not stimulate IFN-c release above
background levels, once again demonstrating the anti-
gen-specific nature of these T cells.

Successful AIT using vaccine-sensitized, B/I-activated
lymphocytes is dependent on antigen-specific
sensitization

AIT with T cells primed in vivo with Meth A sarcoma
cells did not result in any regressions of 4T1 tumors,
despite in vitro activation with B/I and expansion in
culture (Fig. 11A). Similarly, adoptive transfer of 4T07-
IL-2–sensitized and activated T cells had no effect on
established 4-day Meth A sarcomas (Fig. 11B). Con-
versely, AIT with 4T07-IL-2–sensitized cells completely
cured 4T1 tumors (Fig. 11A) and AIT with Meth A–
sensitized lymphocytes completely cured Meth A tumors
(Fig. 11B; [F(3,22)=30.21, p<0.0001]), confirming the
importance of antigen-specific sensitization.

Greater antitumor activity is seen with B/I activation
of sensitized T cells

Next, to evaluate the importance of B/I activation, we
eliminated exposure to B/I and cultured the VDLN cells
in IL-2 alone. There was a marked reduction in the
ability of these lymphocytes to grow in culture compared
with cells activated with B/I (Fig. 12). In fact, these cells
could not be maintained in culture beyond 3 to 4 days,
after which all the cells were dead. Adoptive transfer
of these 4T07-IL-2–sensitized but B/I-untreated

Fig. 9 4T1-sensitized lymphocytes exhibit in vitro antigen-specific
immunologic activity against 4T07 and 4T1 tumor cells. Lympho-
cytes that were 4T1-sensitized, B/I-activated, and expanded,
released IFN-c in response to 4T07 or 4T1, but not Meth A tumor
cells whereas only Meth A tumor cells stimulated Meth A–
sensitized, activated and expanded DLN cells to produce IFN-c.
Values are means of duplicate ELISA wells

Fig. 8 Comparison of in vitro IFN-c production between sensitized
and non-sensitized lymphocytes. Non-sensitized DLN cells from
naı̈ve mice and from the contralateral limbs of 4T07-IL-2–
sensitized mice were compared with 4T07-IL-2–draining lymph
node cells for their IFN-c production response to 24-h stimulation
with either nothing, irradiated 4T1, irradiated 4T07, or irradiated
Meth A cells. Values are means of duplicate ELISA wells

Fig. 10 In vitro IFN-c release in response to AH1-containing
antigens. Lymphocytes that were 4T07-IL2–sensitized, B/I-acti-
vated, and expanded, released IFN-c in response to 4T1, CT26, and
AH1-pulsed splenocytes. Stimulation with Meth A or unpulsed
splenocytes resulted in IFN-c release that was not higher than
background levels. Values are means of duplicate ELISA wells
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lymphocytes to animals bearing 4-day 4T1 flank tumors
resulted in temporary tumor regression, but this effect
was not durable, resulting in prompt tumor regrowth in
four of five mice (Fig. 13). This weak effect is particu-
larly striking when one considers that it took a 21-fold

Fig. 11A, B Successful AIT is dependent on the specificity of the
initial T-cell-sensitizing antigen. A Mice with 4-day 4T1 tumors
were either untreated, treated with CYP alone, or with CYP
+ AIT (15·106 cells) using 4T07-IL-2–sensitized, B/I-activated
and expanded lymphocytes, or with Meth A–sensitized, B/I-
activated and expanded lymphocytes. All mice treated with CYP
+ AIT with 4T07-IL-2–sensitized DLN exhibited complete tumor
regression, which was significantly different from all other groups
[F(3,22)=30.21, p<0.0001]; B mice with 4-day Meth A tumors
were either untreated, treated with CYP alone, or with CYP
+ AIT (15·106 cells) using 4T07-IL-2–sensitized, B/I-activated
and expanded lymphocytes or Meth A–sensitized, B/I-activated
and expanded lymphocytes. In contrast to control, CYP alone, and
CYP + AIT with 4T07-IL-2 DLN groups, all mice treated with
CYP + AIT with Meth A–sensitized DLN had complete tumor
regression [F(3,21)=9.88, p<0.0004]. Mean tumor area (± SE)
was charted over time for each group. Numbers to the right
indicate the number of mice with complete tumor regression per
total number of mice in each group

Fig. 12 Cell expansion profile following ex vivo lymphocyte
activation with B/I versus lymphocytes cultured in low-dose IL-2
only. DLN cells sensitized with 4T07-IL-2 were either pulsed with
B/I and expanded in low-dose IL-2 (as described in ‘‘Material and
methods’’) or cultured with low-dose IL-2 alone. Cells were
counted every 2–3 days and the fold increases in cell number were
calculated

Fig. 13 Comparison of AIT with B/I-activated, expanded lympho-
cytes versus IL-2-only cultured lymphocytes for the treatment of 4-
day 4T1 tumors. Mice with 4-day 4T1 flank tumors were either
untreated (control), treated with CYP (100 mg/kg, i.p.) alone, or
with CYP + AIT (15·106 cells) using 4T07-IL-2–sensitized DLN
cells that were either pulsed with B/I and expanded in low-dose IL-
2 (as described in ‘‘Material and methods’’) or cultured with low-
dose IL-2 alone. Mean tumor area (± SE) was charted over time
for each group. Numbers to the right indicate the number of mice
with complete tumor regression per total number of mice in each
group. All mice treated with CYP + AIT using B/I-activated
DLN cells exhibited complete tumor regression, which was
significantly different from all other groups [F(3,22)=29.36,
p<0.001]. There is a nonsignificant difference between the group
treated with CYP + AIT using nonactivated DLN cells (cultured
in IL-2 alone) and the control or CYP-alone groups [F(2,16)=3.39,
p=0.06]
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greater number of donor animals to treat the same
number of mice when B/I was omitted.

Discussion

One of the primary goals of cancer immunotherapy is the
development of effective vaccines. To reach this goal, a
number of different approaches have been proposed,
such as the use of genetically modified tumor cells or the
use of dendritic cells pulsed with tumor-associated anti-
gens (TAAs). Recent data suggest that both 4T1 and
CT26 colon carcinoma cells express a TAA, AH1 pep-
tide, derived from gp70, an endogenous murine leukemia
virus envelope glycoprotein [23, 33]. A dendritic cell
vaccine pulsed with this immunodominant epitope, AH1,
was shown to protect naı̈ve mice against CT26 tumor
challenge, but cure of mice with established CT26 tumors
has not been reported [33]. We were able to demonstrate
antigen-specific IFN-c release by B/I-activated 4T07-IL-
2–sensitized T cells in response to 4T1, CT26, and AH1-
pulsed splenocytes, supporting the reports that 4T1 and
CT26 share the AH1 antigen. However, our preliminary
studies showed that vaccination alone with AH1 peptide-
pulsed dendritic cells protected mice against CT26, but
was ineffective against tumor challenge with 4T1 (data
not shown). This difference in protection may be due to
differences in the level of AH1 expression in the two cell
lines or perhaps, due to the greater immunogenicity of
the CT26 tumor cell. Reduction of CT26 lung metastases
with more complex dendritic-cell–based vaccines was
also recently reported, but none of the mice were cured
[19]. Although these vaccination techniques have dem-
onstrated some success in protecting against a future
tumor challenge, they have not been able to treat estab-
lished murine or human cancers successfully. Other
poorly immunogenic murine tumor models have also
been relatively resistant to successful treatment with
genetically engineered vaccines [8].

The 4T1 mammary carcinoma is a particularly
aggressive and weakly immunogenic tumor that spon-
taneously metastasizes, and therefore, mimics many of
the weakly immunogenic or nonimmunogenic human
cancers. The poor immunogenicity of 4T1 carcinomas is
evidenced by the inability of a triply transfected 4T1
tumor cell vaccine to induce complete tumor regression
[30]. Pulaski et al. have shown that 4T1 pulmonary
metastases after surgical excision of the primary tumor
could be decreased by multiple weekly vaccinations with
4T1 tumor cells transfected with three genes, forcing
expression of MHC class II, CD80, as well as a bacterial
toxin, Staphylococcal aureus enterotoxin B superantigen,
but once again these mice were not cured [30]. Others
have studied treatment of 4T1 tumors with allogeneic
cellular therapy [25]. Although allo-sensitized DBA/2
spleen cells, mismatched for minor histocompatibility
antigens, could eliminate 4T1 cells in the lungs of BALB/
c mice, this could only be shown by secondary transfer
of lung cells to new hosts, since the treatment induced

lethal graft-versus-host disease [26]. Furthermore, syn-
geneic BALB/c splenocytes from donors similarly
immunized three times with irradiated 4T1 cells had no
antitumor effect in this model. Not surprisingly, such a
weakly immunogenic tumor does not initiate a potent
enough immune response to cure an already established
tumor. Here we show that even vaccination with IL-2
gene transfected 4T07 or 4T1 cells, with or without
pretreatment with cyclophosphamide, cannot induce an
effective antitumor immune response. Cyclophospha-
mide has been shown to augment delayed-type hyper-
sensitivity responses induced by subsequent vaccination
[4, 6, 24], but this did not make the tumor vaccines
effective for treatment of established 4T1 tumors. 4T1
and 4T07-IL-2 tumor cells can, however, sensitize T cells
to become antigen specific effectors; in vitro treatment of
these same lymphocytes with B/I can significantly am-
plify the weak immunologic activity induced by vacci-
nation alone, resulting in clinically evident tumor
regression. In the context of AIT, particularly of late
tumors, cyclophosphamide may augment the therapeu-
tic effect by reversing the immunosuppressive effect of
the tumor, as well as by providing ‘‘room’’ for expansion
of the infused lymphocytes [41]. A direct effect of
cyclophosphamide on the tumor may also have con-
tributed to the therapeutic efficacy of the regimen used
here. Overall, however, the effects of cyclophosphamide
alone contributed only a minor antitumor effect, as
demonstrated by the absence of a significant difference
between the CYP-alone and control groups in all of the
experiments. Even the small effect that was seen might
be attributable to the immunomodulatory effects of
cyclophosphamide, rather than to a direct antitumor
effect [4, 6, 45].

Our data show that when used in an AIT protocol,
regression of even a tumor as aggressive as 4T1 can be
achieved. Not only were all six of six mice cured of their
established tumors, but they were also able to reject a
second challenge of 4T1, administered 1 month after
treatment, suggesting that AIT provides the host with
long-term immunologic memory. The induction of
memory T cells from adoptively transferred DLN cells is
further supported by the ability of AIT with vaccine-
sensitized, B/I-activated lymphocytes to protect naı̈ve
mice against a 4T1 tumor challenge 1 month later, even
though the mice were never exposed to tumor antigen
prior to the challenge. When the more immunogenic and
genetically modified cell type (4T07-IL-2) was used for
vaccination, AIT with B/I-activated and expanded vac-
cine-draining lymphocytes can induce regression and
cure of even large and advanced 4T1 tumors (tumor
areas of 9–11 mm2 at the time of treatment). Successful
treatment of larger and more advanced tumors is one of
the most difficult goals of immune therapy.

To further demonstrate clinical applicability, we used
tumor-bearing animals as DLN donors. These mice had
20-day 4T1 tumors in the flank by the time their VDLN
were harvested. We have shown that five of five mice
bearing 4T1 flank tumors had distant metastatic disease
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by day 18 after tumor inoculation. Therefore, despite
sensitization within a metastatic and possibly immuno-
suppressive milieu, ex vivo activation with B/I, expan-
sion and subsequent adoptive transfer into syngeneic
hosts with 4-day 4T1 tumors resulted in complete tumor
regression.

We also provide evidence that pharmacologic acti-
vation with bryostatin 1 and ionomycin is a necessary
step for the development of lymphocytes with this potent
antitumor activity. We have previously shown in the
4T07 tumor model that vaccine-sensitized DLN cells
transferred directly, without in vitro activation, had no
significant antitumor effect [11]. Pharmacologic treat-
ment with B/I activates intracellular signaling pathways
downstream from the T-cell receptor and therefore,
mimics the T-cell activation events triggered by specific
tumor cells or antigens, or by monoclonal antibodies to
the TCR complex (e.g., anti-CD3). Ex vivo B/I activa-
tion and expansion in low-dose IL-2 prior to adoptive
transfer of 4T07-IL-2–sensitized lymphocytes signifi-
cantly amplified the potential antitumor activity of these
‘‘pre-effector’’ cells. However, sensitized lymphocytes
cultured with IL-2 alone, without B/I exposure, did not
expand in vitro, and their in vivo antitumor effects were
short lived, resulting in tumor regrowth. The use of
bryostatin 1 and ionomycin allows efficient ex vivo
activation without the need for autologous tumor cells,
monoclonal antibodies, or a known antigen.

Another critical component of a successful AIT
protocol is in vivo priming of T cells using an antigen-
specific sensitizing agent (i.e., vaccine). Pulsing non-
sensitized lymphocytes from either naive mice or mice
vaccinated in the contralateral limb did not result in
demonstrable antitumor activity [40]. Lack of in vitro
IFN-c production by non-sensitized T cells in response
to tumor antigen stimulation also highlights the need for
prior antigen-specific in vivo T-cell sensitization. As
expected, the antitumor activity of activated and ex-
panded lymphocytes was highly dependent on the
specificity of the initial antigen encounter. Thus, 4T07-
IL-2–sensitized T cells have no effect on Meth A sar-
comas and vice versa. However, T cells sensitized with
4T07-IL-2 do recognize the common shared surface
antigens of the related 4T1 tumor cells.

T cells which secrete IFN-c in response to tumor
antigen have been associated with antitumor activity in
vivo [3, 5, 32, 36, 48]. Based on our data, comparison of
the in vitro and in vivo activities of DLN cells sensitized
with either 4T07-IL-2 or 4T1, also suggests a correlation
between the release of IFN-c by B/I-activated and ex-
panded T cells in response to tumor and their ability to
mediate tumor regression in vivo. We have shown pre-
viously, in a murine sarcoma model, that administration
of anti-IFN-c antibodies abrogated the effect of AIT with
B/I-activated T cells [43]. In agreement with that report
and the current results, it has recently been reported,
using a novel method for separating IFN-c-producing T
cells from nonproducers, that surface-bound IFN-c+ T
cells, but not IFN-c- cells, were cytolytic and mediated

rejection of CT26 colon carcinomas in BALB/c mice [5].
In contrast, Peng et al. have demonstrated that adop-
tively transferred T cells can induce in vivo regression of
sarcoma even if both the adoptively transferred T cells
and the adoptive host lack the capacity to produce IFN-c
[27]. Others have also shown a dichotomy between the
requirement for IFN-c release when comparing vaccine-
induced immunity and adoptive immunotherapy of a
murine melanoma [44]. More recently, it has been re-
ported that the likelihood of successful adoptive immu-
notherapy of 4T1 mammary carcinoma was not greater
using 4T1-sensitized T cells from STAT6-/- mice, even
though the cells from these mice exhibited almost 25-fold
greater IFN-c release in response to tumor than similarly
sensitized cells from wild-type mice [17]. Thus, despite
our results shown here, it may well be that IFN-c is not
the critical mediator of antitumor immunity in the 4T1
model. Nevertheless, it does seem clear that T-cell pro-
duction of this type 1 cytokine does at least correlate with
in vivo antitumor efficacy.

Although this approach does involve ex vivo
manipulation of cells, it is certainly no more cumber-
some than dendritic cell approaches or the recently
proposed use of T cells which have been genetically
modified to express a particular TcR [20, 35]. Further-
more, we have shown elsewhere that adoptive transfer of
4T07-sensitized T cells can successfully mediate tumor
regression after only 3 days in culture, eliminating the
need for long-term culture and expansion of cells [11]. In
fact, this approach might be combined with dendritic
cell–based vaccines or with other vaccines to maximize
antitumor efficacy. Based on these results, a series of
clinical trials of adoptive immunotherapy with B/I-
activated vaccine-DLN is being planned for patients
with high-risk melanoma and breast cancer.
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