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Abstract
Small molecule BCL-2 inhibitors are being examined as monotherapy in phase I/II clinical trials
for several types of tumors. However, few data are available about the effect of BCL-2 inhibitors
on immune function. The aims of this study were to investigate the effect of a small molecule
BCL-2 inhibitor on immune function and determine the most effective way of combining this
inhibitor with a recombinant vaccine to treat tumors. The in vitro effect of the pan-BCL-2 inhibitor
GX15-070 was assessed in mouse CD8 T lymphocytes at two different stages of activation as well
as regulatory T lymphocytes (Treg). The in vivo effect of GX15-070 after recombinant vaccinia/
fowlpox CEA-TRICOM vaccination was analyzed in tumor-infiltrating lymphocytes, and in
splenocytes of mice bearing subcutaneous tumors.

The therapeutic efficacy of such sequential therapy was measured as a reduction of pulmonary
tumor nodules. Activated mature CD8 T lymphocytes were more resistant to GX15-070 as
compared to early-activated cells. Treg function was significantly decreased after treatment with
the BCL-2 inhibitor. In vivo, GX15-070 was given after vaccination so as to not negatively impact
the induction of vaccine-mediated immunity, resulting in increased intratumoral activated
CD8:Treg ratio, and significant reduction of pulmonary tumor nodules.

This study is the first to show the effect of a small molecule BCL-2 inhibitor on the immune
system and following a vaccine. It is also the first to demonstrate the efficacy of this sequence in
reducing tumors in mouse models, providing a rationale for the design of combinational clinical
studies.
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Introduction
The current goal of vaccine therapy is to generate antigen-specific immunity to cancer cells
to enhance immune-mediated destruction of tumors. Preclinical and clinical studies have
shown that cancer vaccines carrying tumor-associated antigens (TAAs) can induce and
enhance immune response against those antigens 1, 2. The use of therapeutic cancer
vaccines in combination with other cancer therapies offers a new paradigm that may yet lead
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to vaccines being used to treat several types of cancer 3. There has also been increasing use
of targeted small molecule inhibitors in the treatment of many tumor types 2, 4–10.

Approaches that alter the balance between pro-survival and pro-death BCL-2 family
members have shown potential benefit in preclinical cancer models 11, 12. Nonetheless, few
data are available about the effect of small molecule BCL-2 inhibitors on immune function.
We hypothesize that modulating the sensitivity of effector cells to the small molecule pan-
BCL-2 inhibitor GX15-070 could change the balance between cancer cells and immune-
effector cells, resulting in greater antitumor immune activity. GX15-070 is a synthetic
derivative of bacterial prodiginines belonging to the polypirrole class of molecules 13. It is a
BH3-only mimetic molecule classified as a pan-BCL-2 inhibitor because of its ability to
bind all antiapoptotic BCL-2 family members, including BCL-2, BCLxL, BCL-w, MCL-1,
and BAK 14. GX15-070 has been shown to induce apoptosis in hematologic and solid tumor
cells in vitro and in vivo 15–19 and is being investigated in clinical trials 20–22.

With this study we investigated the effect of GX15-070 on both tumor and immune-effector
cells, and then rationally designed a vaccine combination therapy regimen. The vaccine
platform used was a recombinant poxviral vaccinia (rV) prime and one fowlpox (rF) boost
with each vector containing transgenes for the carcinoembryonic antigen (CEA) and a triad
of T-cell costimulatory molecules (B7-1, ICAM-1, and LFA-3; designated CEA/TRICOM)
1, 23. Here we show that GX15-070 toxicity on lymphocytes is dependent on their
activation status, indicating that it would be beneficial to administer GX15-070 after
vaccination. Furthermore, the BCL-2 small molecule inhibitor significantly decreased the
function of Treg lymphocytes. Sequential therapy using a recombinant poxviral vaccinia
(rV) prime and one fowlpox (rF) boost with each vector containing transgenes CEA/
TRICOM 1, 23, followed by GX15-070, was shown to be effective in reducing orthotopic
pulmonary tumors in immunocompetent mice, suggesting a rationale for the design of such
combinational protocols for clinical studies.

Materials and Methods
Drug preparation

GX15-070 (obatoclax; Gemin X Pharmaceuticals, Malvern, PA) was dissolved in dimethyl
sulfoxide (DMSO). For in vitro experiments, GX15-070 was dissolved in appropriate
medium at concentrations of 0.1, 0.25, 0.5, and 1 µM. For in vivo experiments, GX15-070
was dissolved in PBS and used at 2 mg/kg based on a previous report in which 4 mg/kg of
inhibitor were injected for 10 days over a 15-day period into nude mice in a plasmacytoma
xenograft model 18.

Animals
Eight- to 12-week-old female C57BL/6 mice were obtained from the National Cancer
Institute, Frederick Cancer Research Facility (Frederick, MD). A breeding pair of CEA-
transgenic (CEA-Tg) mice homozygous for expression of human CEA was generously
provided by Dr. John Shively (Beckman Research Institute, City of Hope National Medical
Center, Duarte, CA) and used as a self-antigen model 24, 25. F5 mice (Taconic Farms,
Hudson, NY) are transgenic for a T-cell receptor direct against the NP68 peptide, an epitope
of nucleoprotein of influenza virus A/NT/60/68 (366ASNENMDAM374); NP68 flu peptide is
presented by H-2Db 26, 27. Mice were housed and maintained in microisolator cages under
specific pathogen-free conditions in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care guidelines. All experimental studies were
approved by the National Cancer Institute’s Intramural Animal Care and Use Committee.
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Tumor cell lines
LL/2 murine lung adenocarcinoma tumor cells were the gift of Dr. Chandan Guha (Albert
Einstein College of Medicine, New York, NY). LL/2 tumor cells expressing human
carcinoembryonic antigen (LL2-CEA) were generated by retroviral transduction with CEA
cDNA, as previously described 28. Cells were maintained in complete medium (DMEM
supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 units/mL penicillin, and
100 µg/mL streptomycin).

CD8 T lymphocytes
Splenocytes were collected from TCR-Tg F5 mice. Cells were cultured for three days in
complete CTL medium (RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin) enriched with 10−4 µg/
mL of F5 TCR 366ASNENMDAM374 ligand peptide 68 (NP68) (American Peptide
Company Inc., Sunnyvale, CA). After three days, lymphocytes were used for the in vitro
GX15-070 sensitivity assay as early-activated CD8 T cells. Early activation was defined as
CD8a+/CD44+/CD69+ immunophenotype by flow cytometry. To obtain activated mature
CD8 T lymphocytes, after early activation, viable lymphocytes were sorted by gradient
centrifugation and cultured for an additional 7 days in complete CTL medium enriched with
140 ng/mL IL-15 (PeproTec, Rocky Hill, NJ). Mature activation was defined as CD8a+/
CD44+/CD69− immunophenotype by flow cytometry.

In vitro sensitivity to GX15-070
GX15-070 was used in concentrations of 1, 0.5, 0.25, and 0.1 µM, with DMSO 0.0005% as
a control. For the 24-h incubation, cells were cultured with different concentrations of
GX15-070 before analysis. For the 72-h incubation, cells were cultured with different
concentrations of GX15-070 for 24 h; GX15-070 was then eluted and cells were maintained
in culture in complete medium for an additional 48 h before analysis. All experiments were
performed at least three times.

Flow cytometric analysis and surface marker assays
Four-color cytometric analyses were done by a FACSCalibur cytometer (BD Biosciences,
San Diego, CA) using 488 nm argon ion and 635 nm red diode lasers. For CD66 CEA
staining, the anti-CEA monoclonal antibody (mAb) COL-1 (IgG2a) 29 and the negative-
control murine myeloma mAb UPC-10 (IgG2a) (Cappel, Organon Teknika Corp., West
Chester, PA) were used as primary antibodies. As a secondary antibody, fluorescein-labeled
affinity purified antibody to mouse IgG (H+L) was used (KPL, Gaithersburg, MD). H-2Db

MHC GIQNSVSA (CEA) and H-D2b MHC SQVTNPANI (HIV) tetramer peptides were
purchased from Beckman Coulter Inc., Fullerton, CA. All other mAbs were purchased from
BD Biosciences.

FoxP3 flow cytometric intracellular staining
Intracellular staining for APC-conjugated FoxP3 (eBioscience, San Diego, CA) was
performed according to the manufacturer’s protocol.

Annexin V assays
Phosphatidylserine exposure was quantified by flow cytometry by surface Annexin V
staining, according to the manufacturer’s protocol (BD Biosciences).
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BrdU incorporation assay
For in vitro experiments, 8 h before the end of incubation, cells were labeled by adding 10
µM of BrdU to cultures. BrdU levels were detected with the BrdU Flow-Kit (BD
Biosciences) according to the manufacturer’s instructions.

Flow cytometric analysis of cell-cycle phases
7AAD staining was performed to distinguish cell-cycle phases by BrdU incorporation and
DNA content, according to the manufacturer’s instructions (BD Biosciences).

Flow cytometric analysis of cell-cycle
107/mL cells were labeled with 1 µM carboxyfluorescein-succinimidyl-ester (CFSE; Sigma-
Aldrich, St. Louis, MO), incubated for 10 min in the dark at 37°C, then washed twice in
PBS. 0.5×106 cells were extracted, fixed in 1% paraformaldehyde, and kept at 4°C to be
used as the initial generation and as maximum level of fluorescence for FACS instrument
setting. Cell cycle number was defined by proliferation of untreated LL2-CEA tumor cells
over time.

Immunoprecipitation (IP) and immunoblotting (IB)
Cells were washed with 1X PBS and protein extracts were prepared by resuspending the
cells in ice-cold IP buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 1% NP-40, 5 mM
EDTA, 5 mM EGTA, 1 mM PMSF, 25 mM NaF, 1 mM orthovanadate, and protease
inhibitors [p8340 SIGMA]) for 30 min. Insoluble debris was removed by centrifugation at
4°C for 10 min at 13,000 rpm. 500 µg of total protein were incubated with 1.5 µg of
antibody overnight at 4°C with rotation, and then incubated with Protein G-sepharose beads
(Invitrogen, Carlsbad, CA) for 1.5 h at 4°C with rotation. Beads were washed three times
with IP buffer containing protein inhibitors, and IP proteins were eluted from the beads with
20 µL of 4X SDS-PAGE sample buffers at 95°C for 5 min. Proteins were separated on
precast 4% to 20% SDS-PAGE gels (Invitrogen), and IB was performed on polyvinylidene
fluoride membranes incubated overnight with primary antibody. Signals were detected using
the corresponding secondary HRP-conjugated antibody, purchased from Amersham (GE
Healthcare Bio-Sciences, Piscataway, NJ) and enhanced chemiluminescence purchased from
Pierce (Thermo Fisher, Rockford, IL). Antibodies used for IB were rabbit anti-BAK from
Upstate (Millipore, Billerica, MA), and rabbit anti-MCL-1 from Santa Cruz (Santa Cruz,
CA). All densitometries were based on the amount of immunoprecipitated MCL-1 as a
control.

Treg functional assay
Spleens of three TCR-Tg F5 mice and either three untreated C57BL/6 mice (control group)
or three 2 mg/kg GX15-070-treated C57BL/6 mice (GX group) were removed and pressed
through a 70-µm filter. CD8 T lymphocytes of TCR-Tg F5 mice were used as target cells.
CD4+/CD25+ cells from both C57BL/6 groups were isolated using the CD4+ CD25+
Regulatory T Cell Isolation Kit from Miltenyi Biotec, according to the manufacturer’s
instructions. CD4+/CD25+/FoxP3+ phenotype of Tregs was confirmed by flow cytometry.
Proliferation assays were set up in 96-well plates in sextuplicate, with each well containing
3×104 CD8+ lymphocytes, or 3×104 CD8+ lymphocytes plus 3×104 Treg cells from
untreated mice, or 3×104 CD8+ lymphocytes plus 3×104 Treg cells from GX-treated mice.
CD8:Treg ratios examined were 1:1 and 1:2. NP68 peptide was added to each well in a final
concentration of 10−4 µg/mL. In addition, a final concentration of 10−5 µg/mL of NP68
peptide was also studied. One µCi[3H]thymidine was added to each well after 48 h, and the
plate was harvested and read 24 h later. Control wells containing CD8+ lymphocytes alone
or Tregs alone were used to determine background levels of proliferation in culture. CD8+
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cells and Tregs were incubated with NP68 plus concanavalin A as a positive control for
proliferation. Lack of proliferation of selected CD4+CD25+ cells in control wells further
confirmed their identification as Tregs.

Poxvirus constructs
Recombinant vaccinia (rV) and recombinant fowlpox (rF) viruses containing murine B7-1,
ICAM-1, and LFA-3 transgenes in combination with human CEA transgene (rV/F-CEA-
TRICOM) have been previously described 23. rF containing the gene for murine GM-CSF
has also been described 30.

Subcutaneous LL2-CEA tumor model
5×105 LL2-CEA tumor cells were implanted subcutaneously in the right flank of C57BL/6
mice. On day 18 after tumor inoculation, tumors had grown from 0.5 to 0.8 cm3 and mice
were divided into four groups with three mice/group: (a) untreated mice; (b) mice vaccinated
on day 18 with 1×108 plaque-forming units (PFUs) rV-NP34-TRICOM plus 1×107 PFUs
rF-GM-CSF; (c) mice vaccinated as in (b) and injected on day 23 with a single i.v. dose of
0.5 mg/kg GX15-070; (d) mice injected on day 23 with 2 mg/kg GX15-070. On day 24,
mice were sacrificed and tumors were collected for flow cytometric analysis of tumor-
infiltrating lymphocytes (TILs).

Orthotopic lung cancer treatment studies
CEA-Tg mice, where CEA is a self-antigen, were administered 3×105 LL2-CEA tumor cells
i.v. Mice were then divided into four groups: (a) untreated mice; (b) mice given an i.v. dose
of 2 mg/kg GX15-070 on days 19 and 23; (c) mice vaccinated on day 5 with 108 PFUs rV-
CEA-TRICOM admixed with 107 PFUs rF-GM-CSF by s.c. injection, and boosted on day
12 with 108 PFUs rF-CEA-TRICOM admixed with 107 PFUs rF-GM-CSF; and (d) mice
vaccinated as in (c), then given an i.v. dose of 2 mg/kg GX15-070 on days 19 and 23.
Treatment response was assessed by counting the number of pulmonary tumor nodules.

Statistical analysis
Where not specified, results of tests of significance are reported as P values, derived from a
2-tailed Mann-Whitney test. All P values were calculated at 95% using GraphPad Prism 5®

statistical software (GraphPad Software, La Jolla, CA).

Results
GX15-070 is cytostatic for LL2-CEA tumor cells

To investigate the in vitro antitumor effect of GX15-070 against LL2-CEA tumor cells,
increasing concentrations of inhibitor were added to cultures. Viable cells were counted by
Trypan Blue exclusion. As depicted in Fig. 1A, at 24 h, 1 µM GX15-070 induced a 41%
reduction of viable LL2-CEA cells; at 72 h, there was a 64% decrease in viable cells with 1
µM GX15-070, and a 38% decrease with 0.5 µM GX15-070. The number of viable cells did
not significantly decrease with concentrations of inhibitor lower than 0.5 µM. GX15-070 is
known to inhibit the antiapoptotic machinery. After 24 h, phosphatidylserine externalization
did not increase compared to DMSO until the concentration of GX15-070 reached 0.5 µM,
rising with 1 µM of inhibitor (Fig. 1B). No appreciable increase in apoptosis was observed
at 72 h. LL2-CEA tumor cells do not express BCL-2 but overexpress MCL-1, another
member of the BCL-2 family (data not shown). We assessed the MCL-1/BAK binding as an
indicator of GX15-070 effect on intrinsic apoptosis machinery. MCL-1/BAK
immunoprecipitation at 6 h showed a 68% release of BAK from MCL-1 when cells were
cultured with 1 µM GX15-070 (Fig. 1B), which was in agreement with the 24-h Annexin V
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increase. To assess the effect of GX15-070 on proliferation, cell division was investigated
(Fig. 1C). CFSE flow cytometric assays revealed that GX-treatment resulted in fewer cells
in more advanced generations. At 24 h, LL2-CEA control cells (DMSO) were in second
generation, while after treatment with 1 µM GX15-070 they were in first generation.
Furthermore, at 72 h, control cells were in fourth generation while GX-treated cells were
divided between the second and third generation. We then studied the cell cycle phases at 72
h of incubation with 1 µM GX15-070. As shown by BrdU/7AAD staining (Fig. 1D),
GX15-070 blocked cell cycle in S-G2 phase, as demonstrated by the decrease of cells in G1
and G2-M phases and the increase of cells in S-G2 phase. Collectively, these data
demonstrate that, at the concentrations used, the in vitro GX15-070-dependent cytoreduction
of LL2-CEA cells was caused by antiproliferative activity at low concentrations while at
higher doses by both antiproliferative and proapoptotic effects.

Mature CD8 T lymphocytes are more resistant to GX15-070 than early-activated CD8 T
lymphocytes

We next investigated the in vitro effect of GX15-070 on murine CD8 T lymphocytes at two
different activation stages: early-activated and mature. Compared to DMSO control, the
number of early-activated lymphocytes treated with GX15-070 decreased in a dose-
dependent manner at either 24 or 72 h (Fig. 2A), while mature lymphocytes were reduced to
a lesser degree (Fig. 2C). Similarly, the proapoptotic effect of GX15-070 was distinct
between the two stages of activated CD8 T lymphocytes, being higher in early-activated
(Fig. 2B) than in mature cells (Fig. 2D). Further confirming the differences in sensitivity to
GX15-070 between differently activated T cells was the immunoprecipitation from early-
activated lymphocytes which at 6 h showed 67% release of BAK from MCL-1 with 1 µM of
GX15-070 (Fig. 2B), while in mature lymphocytes it was 24% (Fig. 2D). Mature CD8 T
lymphocytes were also more resistant to the antiproliferative effect of GX15-070 compared
to early-activated cells. In the latter, treatment with 1 µM GX15-070 diminished BrdU
incorporation compared to DMSO control by 29% at 72 h; in mature cells it decreased by
0.5%. These data, taken together, indicate that the sensitivity of activated CD8 T
lymphocytes to GX15-070 depends on activation status, being higher in early-activated cells
than in mature cells.

GX15-070 inhibits Treg function
The administration of GX15-070 did not affect the overall number of Tregs (CD4+/CD25+/
FoxP3+) in the spleen; there were 1.7% ± 0.17% SD in untreated versus 1.6% +/− 0.05%
SD in GX-treated mice. In order to address whether GX15-070 affects Treg function, CD4+/
CD25+/FoxP3+ cells from untreated and GX-treated mice were purified and used in an in
vitro functional Treg assay. The proliferation of CD8+ cells in the presence of Tregs from
untreated mice was significantly lower than in the presence of Tregs from GX-treated mice
(Fig. 3), demonstrating that GX15-070 inhibits the suppressor function of Tregs. Similar
results were obtained stimulating lymphocytes with two concentrations of NP68 peptide
(10−4 or 10−5 µg/mL), as well as using two different CD8:Treg ratios (1:1 or 1:2). The Treg
suppression was not accompanied by inhibition of proliferation, as BrdU incorporation was
0.76% ± 0.18% SD in untreated and 0.75% ± 0.11% SD in GX-treated mice.

GX15-070 treatment following vaccination does not affect the ratio of intratumoral
activated CD8 T:Treg lymphocytes

To analyze the effect of GX15-070 on intratumoral lymphocytes, we studied tumor-
infiltrating lymphocytes in unvaccinated and vaccinated mice bearing advanced
subcutaneous LL2-CEA tumors. As shown in Table 1, CD8 naïve lymphocytes decreased
after GX15-070 treatment, while activated CD8 cells decreased to a lesser extent. This is
consistent with the in vitro data described above (Fig. 2). Interestingly, although in mice
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receiving GX15-070 alone Treg lymphocytes were reduced 50% as compared to control
mice, the activated CD8:Treg ratio did not change significantly because of the simultaneous
decrease in activated CD8 T lymphocytes. Instead, the ratio between activated CD8 T
lymphocytes and Tregs increased 3-fold after vaccination compared to control (untreated)
mice as a consequence of the concomitant increase of activated CD8 T lymphocytes and
decrease of Treg lymphocytes. Such a ratio did not change in vaccinated mice that received
GX15-070. Taken together, these data indicate that (a) activated CD8 T lymphocytes are
more resistant to GX15-070 than naïve cells and (b) after vaccination GX15-070 was not
detrimental to activated CD8 T lymphocytes or to the activated CD8 T:Treg ratio.

Intratumoral CD8+/CD44int lymphocytes increased after vaccination are resistant to
GX15-070

In order to investigate whether GX15-070 could affect antigen-reactive proliferation of CD8
lymphocytes, the differential intensity of expression of CD44 was analyzed on CD8+ tumor-
infiltrating lymphocytes. As shown in Fig. 4, before vaccination the majority of intratumoral
activated CD8 lymphocytes were CD44hi while after vaccination they were CD44int,
indicating that vaccination triggered expansion of clones expressing only intermediate
intensity of CD44. The administration of GX15-070 after vaccination did not alter the
intensity of CD44 expression (Fig. 4A). Moreover, the increase of CD8+/CD44int

lymphocytes was statistically significant in both groups that received vaccine when
compared with either GX-treated or untreated non-vaccinated mice (Fig. 4B). The ratio
between these and Treg was also significantly increased (Fig. 4D). BrdU incorporation
studies showed that such an increase on CD8+/CD44int lymphocytes was accompanied by
an accelerated proliferation rate. These data indicate that the subpopulation of CD8
lymphocytes that proliferated after vaccination was not affected by GX15-070.

Sequential therapy with rV/F-CEA-TRICOM and GX15-070 significantly
reduces pulmonary tumor nodules—The demonstration that lymphocytes were more
resistant in vitro to GX15-070 after activation, along with the observation that the BCL-2
inhibitor did not affect in vivo CD8 T lymphocytes when preceded by vaccination, suggested
that temporally separated vaccine and GX15-070 could be beneficial. We thus investigated
the effect of sequential therapy in CEA-Tg mice bearing LL2-CEA tumors with rV/F-CEA-
TRICOM vaccine followed by GX15-070. Comparison of differences between variances of
tumor nodules showed a significant reduction between sequential therapy vs. control and vs.
GX15-070 alone treatment (Fig. 5). Moreover, the mean number of tumors on sequential
therapy was almost half of vaccine alone group (Table 2). Overall, there were no differences
noted in the sizes of individual pulmonary metastases regardless of treatment.

Discussion
Targeted therapies that alter the balance between pro-survival and pro-death BCL-2 family
members have shown potential benefit against cancer in preclinical models 12, 14–18, 31–
34. The pan-BCL-2 inhibitor GX15-070, granted orphan drug status by the Food and Drug
Administration for treatment of chronic lymphocytic leukemia, is one of the best candidates
for targeted tumor therapy because it overcomes the MCL-1-mediated resistance,
differentiating it from other BCL-2 antagonists such as ABT-737 and to the proteasome
inhibitor bortezomib 14. BCL-2 pathway is broadly present in all eukaryotic cells as a
modulator of survival. While in cancer cells aberrant BCL-2 activity can make them
resistant to apoptotic signals, in immune-system BCL-2 molecules are indispensable for
activation and maturation of T lymphocytes after antigen presentation 35.
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In this study we evaluated the effect of combining GX15-070 and the TAA-specific vaccine
rV/F-CEA-TRICOM in orthotopic pulmonary tumor models. The GX15-070-mediated
reduction of viable tumor cells in vitro was caused mainly by antiproliferative activity and
partially by a proapoptotic effect (Figs. 1–2). In particular, the cytostatic effects were noted
at lower concentrations. Our findings confirm those reported by Konopleva et al., who
described S-G2 block at low concentrations of GX15-070 on OCI-AML3 cells 33. Wang and
co-authors 36 reported that the BCL-2 small molecule inhibitor TW-37 blocked cell growth
of pancreatic cancer cells in S phase involving NOTCH-1 signaling pathway, confirming
that the function of BCL-2 in cancer biology is beyond its classic role in cell survival.

We found that GX15-070 did not decrease vaccine-mediated immunity when administered
after vaccination (Table 1). This is important because of the particular MCL-1/BAK binding
inhibition exerted by GX15-070 that could affect the development and maintenance of T
lymphocytes 35. Wang et al. recently reported a genomic/transcriptional analysis of
apoptosis during activation of human T lymphocytes showing upregulation of the MCL-1
gene within 10 h after TCR ligation, indicating that MCL-1 is involved in early T cell
activation 37. Our data corroborate and extend these findings. That study did not look at the
effect of GX15-070 on T lymphocytes in different states of activation. Our in vitro results
showed that CD8 T lymphocyte sensitivity to GX15-070 toxicity is dependent on their
activation status, early-activated being more sensitive than activated mature lymphocytes
(Fig. 2). Similarly, in vivo, intratumoral naïve CD8 cells decreased markedly more than
activated lymphocytes after treatment with GX15-070 (Table 1), suggesting that vaccinating
mice before GX-treatment could make T lymphocytes resistant to the inhibitor. It has been
shown that CD8+/CD44int lymphocytes undergo a high proliferative response with IFN-γ
production after antigen stimulation while CD8+/CD44hi do not 38. We found that the rate
of CD8 proliferation after vaccination was restricted to cells expressing intermediate
intensity of CD44, while CD44hi lymphocytes did not expand (Fig. 4) and that there was no
effect of GX15-070 on this subpopulation after vaccination, confirming that vaccine-
stimulated effector lymphocytes are resistant to GX15-070. It is important to note that
intratumoral Tregs did not expand after vaccination, indicating that a differential response of
immune-effector cells and Treg lymphocytes can be achieved by such a combination.

We concluded that if vaccination precedes GX15-070 treatment by an interval sufficient to
overcome early activation, T lymphocytes would not be negatively affected by the inhibitor.

We also found that GX15-070 decreases Treg function. As shown in Fig. 3, the proliferation
of CD8 T lymphocytes was significantly higher in co-culture with Tregs obtained from GX-
treated mice than with those from untreated animals, indicating that GX15-070 inhibits Treg
function. The inhibition of Treg suppression was not accompanied by inhibition of their
proliferation, as BrdU incorporation was similar with or without GX15-070 treatment. This
suggests that GX15-070 can mediate an increase in the immune anti-tumor activity by
decreasing Treg-dependent immune suppression. This effect, along with the increased
intratumoral activated CD8: Tregs ratio in mice that were first vaccinated and then treated
with the inhibitor, suggests that a favorable milieu for immune activity against cancer cells
can be achieved by such combination.

We found that LL2-CEA cells treated with GX15-070 were not more susceptible to CEA-
specific CTL killing at 6, 24, or 72 h compared to cells cultured with DMSO (data not
shown). Moreover, after treatment of LL2-CEA cells in vitro with GX15-070, supernatant
concentrations of TNF, IFN-γ, TGF-β, MCP-1, IL-2, IL-4, IL-5, IL-6, IL-10, and IL12-p70,
as well as surface expression of MHC-I, CEA, and FAS, did not change significantly at
either 24 or 72 h (data not shown). This concurs with the study reported by Begley et al.,
which showed that the BCL-2-inhibitor ABT-737 increased the antitumor activity of specific
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peptide-pulsed DC vaccination on CT26 colon carcinoma in vivo though it failed to sensitize
tumor cells to CTL-specific killing in vitro 39, suggesting that GX15-070 treatment does not
make tumor cells intrinsically more sensitive to immune-mediated killing. In that study,
vaccine was given both prior to and after tumor implantation. In the studies reported here,
the vaccine was administered after tumor implantation.

An orthotopic pulmonary tumor model, where CEA is part of the self-antigen repertoire,
showed that sequential administration of rV/F-CEA-TRICOM followed by GX15-070
significantly reduced the number of pulmonary tumor nodules, compared to untreated mice
or mice receiving inhibitor or the vaccine alone (Fig. 5). Moreover, the mean number of
tumors on sequential therapy was almost half of vaccine alone group (Table 2). There,
sequential therapy did not decrease splenocytes’ IFN-γ production and CD8+ cell percentage
(not shown). We hypothesize that the sequential therapy is effective by the suppression of
function of Tregs coupled with a lack of toxicity to activated CD8 T cells when the small
molecule inhibitor is administered after vaccination. The direct antitumor effect of
GX15-070 increasing tumor cell apoptosis and slowing tumor proliferation may also have a
role in the activity of sequential therapy. Future studies will examine this sequential therapy
on overall survival for tumor bearing mice depleted of selected T-cell subsets.

It is important to emphasize that, when employing such a combination, the appropriate
interval between administration of each agent is important. Vaccine-induced immunity may
be reduced when the BCL-2 small molecule inhibitor is administered during or shortly after
vaccine, since during initial activation lymphocytes are extremely sensitive to GX15-070.
Thus it is important that vaccine be administered long enough before GX15-070 for
lymphocytes to efficiently activate antigen-specific T cells. Given on an appropriate
schedule, sequential therapy with a vaccine followed by GX15-070 appears to achieve
therapeutic effects. Clinically, GX15-070 is usually administered once every three weeks. It
is conceivable that patients could be vaccinated shortly after diagnosis, receive the
GX15-070 two to three weeks later, and receive booster vaccines at intervals between
GX15-070 infusions.

To our knowledge, this is the first study to demonstrate the feasibility and efficacy of
combining a vaccine and the small molecule BCL-2 inhibitor GX15-070 in the treatment of
established tumors. We believe these results constitute a rationale for potential clinical trials
employing sequential use of vaccine with BCL-2 inhibitors.
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Fig. 1. GX15-070 is cytostatic at low concentrations and cytotoxic at higher concentrations on
LL2-CEA lung carcinoma cells
A, number of viable cells by Trypan Blue exclusion; B, apoptosis by Annexin V+ cells. Bars
represent standard deviations of four independent experiments. INSERT, reduced MCL-1
binding to BAK after 6 h of treatment with GX15-070. MCL-1/BAK band intensity was
calculated by densitometry compared to MCL-1/MCL-1 control and normalized with respect
to DMSO control (GX 0 µM). Bands are representative of three independent experiments. C,
cell division analysis. Dashed histograms: subsequent generations as defined by proliferation
of untreated tumor cells over time; dark grey shaded histograms: DMSO control cells (GX 0
µM); light grey shaded histograms: cells treated with 1 µM GX15-070. Roman numerals
indicate generations. Histograms are representative of three independent experiments. D,
cell cycle analysis at 72 h of LL2-CEA treated with DMSO control (top panel) or 1 µM
GX15-070 (bottom panel). Dot plots are representative of three independent experiments.
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Fig. 2. Mature CD8 are more resistant to GX15-070 than early-activated lymphocytes
Two types of CD8 T cells were used: early-activated, defined as CD8+/CD44/ CD69+ (A–B)
or mature, defined as CD8+/CD44+/CD69− (C–D). A and C, viable cell numbers as
determined by Trypan Blue exclusion. B and D, apoptosis as determined by Annexin V+
cells. Bars represent standard deviations of three independent experiments. INSERTS,
MCL-1 binding to BAK after 6 h of treatment with GX15-070. MCL-1/BAK band intensity
was calculated by densitometry compared to MCL-1/MCL-1 control and normalized with
respect to DMSO-treated cells (GX 0 µM). Bands are representative of three independent
experiments.
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Fig. 3. GX15-070 inhibits Treg function
CD8 T lymphocytes from TCR-Tg F5 mice were stimulated with NP68 peptide in the
absence or presence of Treg cells. Tregs were purified from spleens of untreated or
GX15-070-treated C57BL/6 mice. Proliferation of CD8 cells was measured by
[3H]thymidine incorporation. CD4+/CD25+/FoxP3+ phenotype of Tregs was confirmed by
flow cytometry.
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Fig. 4. Intratumoral CD8+/CD44int lymphocytes increased after vaccination are resistant to
GX15-070
C57BL/6 mice (n = 3/group) bearing s.c. LL2-CEA tumors were vaccinated on day 18 after
tumor implant. GX15-070 was given on day 23. On day 24 mice were sacrificed and TILs
were evaluated. Statistical analysis based on one-way ANOVA test vs. control; *: P<0.05;
**: P<0.005; ***: P<0.0005.
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Fig. 5. Antitumor activity of vaccine followed by GX15-070
CEA-Tg mice, where CEA is a self-antigen, were administered 3×105 LL2-CEA tumor cells
i.v. Mice were then divided into four groups: (a) untreated mice; (b) mice given an i.v. dose
of 2 mg/kg GX15-070 on days 19 and 23; (c) mice vaccinated on day 5 with rV-CEA-
TRICOM and boosted on day 12 with rF-CEA-TRICOM; (d) mice vaccinated as in (c), then
given an i.v. dose of 2 mg/kg GX15-070 on days 19 and 23. Data from two independent
experiments are represented, the first (open circles) with 7 mice per group and the second
(closed circles) with 20 mice per group. †: Analysis of difference of variances of number of
pulmonary tumors by two-tailed unpaired t-test. *: Statistical significance.
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Table 2

Sequential treatment of GX15-070 followed by vaccine decreases pulmonary tumors.

Treatment Tumor-free mice
(%)

Pulmonary tumors
mean ±SE

Control 2/27 (7%) 33 ±7

GX 2/27 (7%) 27 ±7

Vaccine 8/27 (30%) 17 ±6

Vaccine + GX 10/27 (37%) 9 ±2

CEA-Tg mice (n = 27/group) bearing LL2-CEA pulmonary tumors were vaccinated on days 4 (prime) and 12 (boost) after tumor implant, and then
treated with GX15-070 on days 19 and 24. On day 35 mice were sacrificed and lungs inflated with India-ink for tumor nodules enumeration.
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