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Optimized Systemic Dosing with CpG DNA Enhances Dendritic
Cell-Mediated Rejection of a Poorly Immunogenic Mammary Tumor
in BALB/c Mice

Quan Cai, M.D., Ph.D.", Lyubov Kublo, M.D.", Rachel Cumberland, B.Sc.", William Gooding, M.Sc.', and Joseph Baar, M.D., Ph.D.2

Abstract

To model a clinical trial of dendritic cell (DC) therapy of a poorly immunogenic mammary tumor, we treated BALB/c mice bearing an
established TS/A mammary tumor with lysate-pulsed DCs and CpG DNA. We observed that the dose of CpG DNA required to activate
DCs in vitro was insufficient to mediate tumor rejection in vivo. We therefore undertook in vivo studies to identify an optimized dose
of CpG DNA for tumor therapy, defined as the lowest and least frequently administered dose of CpG DNA that mediated complete
tumor rejection. We show that one priming dose of 15 nanomoles and one booster dose of 10 nanomoles of CpG DNA given 7 days
apart, respectively, with lysate-loaded DCs were sufficient to mediate complete tumor rejection in vivo. This dose of CpG DNA was
42-fold higher than that required to activate DCs in vitro but was not associated with any toxicity in mice. Also, the cured mice rejected
a subsequent challenge with fresh TS/A tumor, and both CD4+ and CD8* T cells were required for tumor rejection. We conclude that
effective DC-based therapy of a poorly immunogenic TS/A tumor is enhanced by optimized dosing of CpG DNA. Our data have important

implications for DC-based clinical trials of breast cancer immunotherapy.
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Introduction

Antigen-presenting cells (APC) such as dendritic cells (DCs)
are required to prime cytotoxic T lymphocytes (CTL) against
tumor-associated antigens (TAA) to generate effective antitumor
immunity (reviewed in Ref. 1). DCs may be induced to synthesize
importantimmunostimulatory cytokines such as interferon-alpha
(IFN-a) and interleukin-12 (IL-12).2° In turn, IL-12 stimulates
T-helper 1 (Th1) immunity® important for the enhancement of
CTL activity. Studies have demonstrated that TAA-loaded DCs
enhance the rejection of murine tumors,** and such preclinical
studies have formed the basis for DC-based therapies of patients
with cancer.’> Of note, a recent study'’ demonstrated that a
therapeutic DC-tumor fusion vaccine generated two partial
responses and one instance of stabilization of disease in 10
treated patients with metastatic breast cancer. Therefore, these
encouraging results bode well for DC-based therapies of patients
with advanced cancer.

Although DCs are potent APCs, efforts have nevertheless
been undertaken to further amplify their immunostimulatory
capacity, and bacterial DNA oligodeoxynucleotides containing
unmethylated CpG sequences (CpG DNA) provide such a
stimulus (reviewed in Ref. 14). Thus, CpG DNA upregulates the
expression of major histocompatibility complex (MHC) and
costimulatory molecules such as CD40 and CD86 by DCs.">™"
It is also a potent stimulator of DC-mediated CTL responses
in vivo,'’2° and stimulates DCs to secrete potent immunomodu-
latory cytokines such as IL-12, TNF-a, and IFN-y*"**and augments
the activities of natural killer cells and B cells.?*-* Therefore, CpG
DNA has considerable promise as a potent adjuvant for DC-based
cancer therapy.

We wished to model a clinical trial of DC-based therapy of
a poorly immunogenic mammary tumor in immunosuppressed
patients. Therefore, we undertook a therapeutic study of tumor
lysate-pulsed DCs plus CpG DNA within the Th2-biased and Treg-
rich BALB/c mouse? bearing an established poorly immunogenic
and rapidly growing TS/A mammary tumor.?® However, we
discovered that the dose of CpG DNA required to maximally

activate DCs in vitro was insufficient to stimulate DC-mediated
tumor regression in vivo. We therefore hypothesized that there
was a requirement beyond DC activation by CpG DNA to enhance
antitumor immunity, and that optimized dosing of CpG DNA
would require both activation of DCs as well as stimulation of
systemic Th1 immunity to enhance tumor rejection in vivo. To test
this hypothesis, we undertook a dose-finding study to identify an
optimal dose of CpG DNA that augmented DC-mediated tumor
rejection of an established TS/A tumor in BALB/c mice.

Materials and Methods

Mice

Female BALB/c mice (6-8 weeks of age) were purchased from
Taconic (Hudson, NY, USA) and housed in the Animal Facility
of the Hillman Cancer Center, University of Pittsburgh Cancer
Institute. All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of
Pittsburgh and conducted according to its published guidelines.

TS/A tumor cell

The BALB/c-derived mammary adenocarcinoma TS/A, a poorly
immunogenic and rapidly growing tumor cell line, was generously
provided by Dr. Guido Forni, Turin, Italy. The tumor cells were
maintained in complete tumor cell medium (RPMI 1640,
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin, 100 w/mL streptomycin, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids, and 5.5 X 10° M
2-mercaptoethanol) and used in experiments when the cells were
in logarithmic growth phase.

Generation of bone marrow-derived DCs

Bone marrow cells were obtained from the femurs of the BALB/c
mice. After treatment with ACK hypotonic buffer (0.15 M NH,Cl,
0.02 M KHCO,, and 0.1 mM EDTA, pH 7.4) to lyse erythrocytes,
the bone marrow cells were put in 6-well plates in 4 mL of normal
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medium (RPMI 1640, 10% heat-inactivated fetal bovine serum,
2mM L-glutamine, 100 U/mL penicillin, 100 @/mL streptomycin,
1 mM sodium pyruvate, 0.1 mM non-essential amino acids, and
10 mM HEPES) at a concentration of 10° cells/mL, and incubated
overnight in 5% CO, at 37°C. On the next day, 1,000 U/mL each
of murine (m) granulocyte macrophage colony stimulating factor
(GM-CSF) and m IL-4 (R&D System, Minneapolis, MN, USA)
was added to the normal medium (“DC medium”) and cultured
for 7 days. Nonadherent cells were harvested and purified by
CD11c microbeads (Miltenyi Biotec, Auburn, CA, USA) based
on the manufacturer’s recommended protocol. Thus, the cells were
incubated with anti-CD11c magnetic beads and passed through
a positive selection column (type LS+) in a magnetic field. After
rinsing, the column was removed from the magnetic field and
CD11c* cells were eluted from the column and washed with PBS
before use.

Cytokine production by CpG DNA-stimulated DCs

The commercially synthesized CpG DNA (5’-TCCATGA-
CGTTCCTGATGCT-3")* (Invitrogen, Carlsbad, CA, USA)
was phosphorothioate-modified to resist degradation by
intracellular nucleases. A “non-CpG” DNA (5'-TCCATGAGC-
TTCCTGATGCT-3’) was used as a negative DNA control, where
the CG dinucleotide from the test DNA was inverted to a GC
sequence. DNAs were negative for endotoxin. DCs were generated
as described above and 1 x 10° DCs were plated in a 96-well plate
in 200 pL of DC medium/well and 0, 0.1, 1.0, or 3.0 uM (i.e., 0,
0.13, 1.3, or 3.9 ug) of CpG or non-CpG DNA was added to the
DC culture. DCs and CpG DNA were cocultured for 24 hours
at 37°C, and supernatants were collected and assessed for p70
IL-12,IFN-y, and tumor necrosis factor (TNF-a) by ELISA (R&D
Systems, Minneapolis, MN, USA).

In vivo tumor therapy

Ear-tagged BALB/c mice were inoculated subcutaneously in their
right flanks with 5 X 10* TS/A tumor cells suspended in PBS to
a total volume of 100 uL. The tumors were allowed to grow for
an average of 7 days until they were palpable (approximately 1-
3 mm?). One day prior to therapy, TS/A antigen was generated
by five freeze-thaw (-80°C => 37°C) cycles of TS/A tumor
cells. Next, the antigen was cocultured overnight at a 0.5-1.0:1
tumor:DC ratio in 5% CO, at 37°C, with DCs cultured for 7 days
in the DC medium. On the following day, tumor-antigen loaded
DCs were washed three times with PBS to remove excess tumor
material. TS/A tumor-bearing mice were then treated twice,
7 days apart, by subcutaneous injections in the left flank with
100 pL of PBS, TS/A antigen-loaded DCs alone (5 X 10° DCs),
(c) CpG DNA alone at the test dose (nanomoles, nmol), or TS/A
antigen-loaded DCs + CpG DNA, where the DCs and CpG DNA
were mixed just prior to injection. The tumors were measured
with calipers, twice a week, in a blinded fashion. Tumor area
(mm?) was determined by calculating the product of the two
longest perpendicular diameters.

In vivo T-cell depletion

The tumor-bearing mice were depleted of CD4* and CD8"* T cells
in vivo using anti-CD4 and anti-CD8 antibodies (GK1.5 and
2.43, respectively; National Cell Culture Center, Minneapolis,
MN, USA). The antibodies were administered by intraperitoneal
injection on days -2, +2 or +3, +5, +8, or +9 and +12 with respect
to the first DC vaccination. The first dose of anti-CD4 antibody
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was 0.5 mg and of anti-CD8 was 1 mg per mouse, followed by
subsequent same doses to maintain T-cell depletion. In preliminary
experiments, this antibody dosing schema depleted the mice of
CD4 T cells by 64% and CD8 T cells by 50%, as determined by
fluorescence activated cell sorting (FACS) (data not shown).

Statistics

Survival data were analyzed using the log-rank test and the two-
tailed p values are presented. The antibody-blocking studies are
presented as the proportion of tumor-free animals, and p values
were calculated using an exact two-tailed chi-squared test for the
equality of proportions.

Results

CpG DNA is a potent stimulator of DC function

Prior to our in vivo tumor therapy studies, we evaluated the
stimulatory effect of CpG DNA on BALB/c DCs using the in
vitro production of immunomodulatory cytokines by DCs as our
surrogate for DC activation. As shown in Figure I, we determined
that CpG DNA is a potent stimulator of DCs, as evidenced by
high levels of production of IL-12, IFN-y, and TNF-a. The results
revealed that peak IL-12 production (2,400 picograms (pg)/10°
DC/24 hours) and IFN-y production (21,600 pg/10° DC/24
hours) by DCs were observed using 0.1 uM (0.13 pg/200 pL)
CpG DNA. Peak TNF-a production (1,600 pg/10° DC/24 hours)
was observed using 3 uM (3.9 ug/200 uL) CpG DNA.
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Figure 1. CpG DNA dose response of cytokine production by DCs. One million
BALB/c DCs were plated in a 96-well plate in 200 L of DC medium/well and O,
0.1, 1.0, or 3.0 uM (i.e, O, 0.13, 1.3, or 3.9 ug) of CpG DNA or non-CpG DNA
was added to the wells by gentle mixing. DCs were cocultured with the DNAs for
24 hours at 37°C. Supernatants were then collected and assessed by ELISA for (A)
p70 IL-12, (B) IFN-y, and (C) TNF-ct.
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Therapy of TS/A tumor-bearing BALB/c mice with
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Therefore, in two subsequent series, we empirically
fixed the priming dose of CpG DNA at intermediate
doses of either 20 nmol (Figure 2B) or 15 nmol
(Figure 2C) and again varied the day-7 booster doses.
Our strategy was to evaluate a series of potential dosages
and to select, on the basis of ranking the responses, a
dose tier for a confirmatory study. Because of the large
number of experimental treatments, each with three
mice per group, hypotheses tests were not conducted.
Instead a ranking and selection experimental design
was used in which a single treatment would be
selected from a large panel of candidate therapies
that are ranked by apparent efficacy. The final step
would then be to conduct a confirmatory study of the
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winning treatment with a formal hypothesis test. From
these experiments, we noted that mice treated with
DC and CpG DNA at the lower 15-nmol (injections
land2) doselevel (i.e., DC+ CpG 15/15) and the DC +
CpG 15/10-treated mice (Figure 2C) had complete
tumor rejection, whereas other dose groups did not. We
then undertook a validation experiment using DC +
CpG 15/10 and five mice per group (Figure 3) with
survival as the endpoint. From this study, we observed

BALB/c mice

flank with 100
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Figure 2. Dose-finding studies of CpG DNA in combination with tumor lysate-loaded DC in

bearing an established TS/A tumor. Individual groups of three BALB/c mice were

inoculated subcutaneously in their right flanks with 5 x 104 TS/A tumor cells. Tumors were allowed to grow
for 7 days until they were palpable (approximately 1-3 mm?). (A) On day 7, post tumor implantation,
TS/A tumor-bearing mice were then treated twice, 7 days apart, by subcutaneous injections in the left

uL of PBS, TS/A antigen-loaded DCs alone (5 x 10° DCs), or TS/A antigen-loaded DC +

CpG DNA at the test dose (nanomoles), where the DCs and CpG DNA were mixed in the same syringe
just prior to injection. (B and €) CpG DNA alone was added as a control. Tumors were then measured
with calipers twice a week in a blinded fashion, and tumor area (mm?) was determined by calculating

the two longest perpendicular diameters. Dosing of CpG DNA is represented as "X"/"y",

and "y" are the doses (nanomoles) of CpG DNA administered with the first and, 7 days later,
the second injection, respectively. Note: the curves for 15/15 and 15/10 overlap.

that all five mice treated with DC + CpG 15/10 had
complete tumor rejection and survived tumor-free
for 240 days, whereas all five mice treated with DCs alone had
progressive tumors and died within 40 days (p = 0.002, log-
rank test). This systemic dose of CpG DNA (15 + 10 = 25 nmol)
was 42-fold higher than that required to activate DCs in vitro
(3.9 ug or 0.6 nmol). Mice treated with CpG DNA alone appeared
to have intermediate survival (p = 0.13), attesting to the potency of
CpG DNA in immune-mediated tumor rejection. No statistically
significant difference existed in survival between mice treated
with DCs alone compared with PBS. Surviving tumor-free
mice from both the DC + CpG 15/10 and the CpG 15/10-alone
treatment groups were subsequently challenged with fresh TS/A
tumor (5 X 10* cells) approximately 65 days after initial tumor
implantation. After 240 days, there was no evidence of tumor
growth in either group.
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DC + CpG DNA-mediated tumor rejection is associated with
both CD4* and CD8" T cells

In a separate experiment, we induced systemic depletion of TS/A
tumor-bearing mice of both CD4*and CD8" T cells and measured
tumor-free survival. In total, 5 of 6 treated control mice (DC +
CpG DNA without T-cell depletion) survived compared with 2 of
10 and 0 of 9 following administration of sequential anti-CD4 and
anti-CD8 antibodies, respectively (Figure 4). These proportions
were significantly different from the control group (p = 0.035 and
0.002, respectively, exact chi-squared test).

Discussion

We have verified our hypothesis that an optimized systemic dose
of CpG DNA establishes Thl immunity to enhance the DC-
mediated rejection of an established and poorly immunogenic TS/A
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Figure 3. Survival of TS/A tumor-bearing BALB/c mice. Tumor therapy was
performed as detailed in Materials and Methods. Four groups of five mice bearing
established subcutaneous TS/A tumors were treated 7 days after tumor implantation
with DC + CpG 15/10, CpG 15/10 alone, DCs alone, or PBS given twice, 7 days
apart, by subcutaneous injection in the flank opposite the tumor nodule. Data are
represented as % survival at 240 days after initial tumor implantation. p values
presented with respect to DC + CpG 15/10 using the log-rank test.
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Figure 4. Both CD4* and CD8* T cells are required for DC + CpG DNA-
mediated tumor rejection. Tumor therapy was performed as detailed in Materials
and Methods. Three groups of tumor-bearing mice were treated with either DC +
CpG 15/10 alone or DC + CpG 15/10 in mice depleted in vivo of either CD4* T cells
or CD8* T cells. Data are represented as the percentage of mice free from tumor
at 33 days after tumor implantation. p values presented with respect to DC + CpG
15/10 using an exact two-tailed chi-squared test for the equality of proportions.

mammary tumor in Th2-biased and Treg-rich BALB/c mice with
no apparent toxicity. The dose of CpG DNA required to enhance
DC-mediated tumor rejection in vivo was 42-fold higher than that
required to activate DCs in vitro. To our knowledge, this is the first
dose-finding study of CpG DNA for DC-based therapy in tumor-
bearing mice. Furthermore, once an optimal dose of CpG DNA
was identified, only one priming and one booster immunization
with DCs and CpG DNA were required to effect complete tumor
regression in vivo, thereby obviating the need for repeat booster
injections. Interestingly, we noted that pre-activation of DCs with
CpG DNA in vitro did not improve in vivo tumor kill and, in fact,
showed a nonstatistically significant decline in tumor regression
compared with unprimed DCs coinjected with CpG DNA (data
not shown). Although the reason for this decrease in tumor kill
efficacy is uncertain, it may result from DC “exhaustion” secondary
to protracted stimulation by CpG DNA.”

It was necessary to undertake this CpG DNA dose-finding
study for two reasons. First, as mentioned, the dose of CpG
DNA required to maximally activate BALB/c DCs in vitro
(3 uM, or 3.9 ug/200 uL) was insufficient to mediate tumor rejection
in vivo. Second, repetitive higher doses of CpG DNA (>15 nmol
or >99 ug) were toxic to mice. In our studies, tumor-bearing mice
received two treatments, 7 days apart. We discovered that we
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could administer a higher dose of CpG DNA (i.e., >15 nmol, up
to 100 nmol, or 660 pg) with the first treatment with no apparent
toxicity. However, after such initial high doses were followed
7 days later by the administration of even minute doses of CpG
DNA (1 nmol or 6.6 pg) (data not shown), the mice became
acutely ill, with some deaths. Therefore, to avoid this toxicity,
it was important to achieve a fine dosing balance between the
efficacy and toxicity for CpG DNA.

Acute inflammatory responses to the administration of CpG
DNA have been described,®** but one study has shown that such
systemic toxicity might be averted by the direct intranodal injection
of low-dose CpG DNA.*In a tumor protection model, this study
showed that four intranodal injections of low-dose CpG DNA with
tumor peptide were successful in protecting mice against a challenge
with peptide-pulsed tumor. In our tumor therapy model, once we
established an optimal dose for subcutaneously administered CpG
DNA, the mice tolerated the therapy with no toxicity and required
only two treatments with DC + CpG DNA to achieve complete tumor
rejection. Also, all tumor-free mice resisted a subsequent challenge
with fresh tumor with no evidence of late tumor recurrences (240
days), suggesting the development of robust systemic antitumor
immune memory. Interestingly, given that DCs are potent APCs,
it was surprising to observe that tumor lysate-pulsed DCs by
themselves were no better than PBS in mediating tumor rejection
in our model. Many studies have addressed the optimal source of
antigen for tumor immunization, including peptides, apoptotic
bodies, DC-tumor fusions, and others. We elected to use tumor
lysate because of the ease in obtaining antigen by thermal disruption
of tumor cells and because lysate provides a broad spectrum of tumor
antigen for immune priming.***' Nevertheless, our lysate-loaded
DCs were completely ineffective in mediating tumor rejection in
vivo, except when combined with CpG DNA. This observation
suggests that the actual source of tumor antigen might not be as
important as the state of DC activation after having acquired antigen.
This issue of DC activation is of primary importance in our model
because BALB/c mice are rich in immunosuppressive Tregs,? and
immature DCs have been shown to preferentially activate Tregs,*>*
whereas highly activated DCs circumvent the activity of such cells.**
Nevertheless, our data clearly demonstrate that the mere activation of
DCs, as stimulated in vitro by low-dose CpG DNA, was insufficient
to mediate tumor rejection in vivo. Rather, there was the added
requirement for the generation of systemic Th1l immunity by a
higher optimized dose of CpG DNA.

Conclusion

Our results have important implications for the design of DC-
based therapy of immunosuppressed patients with poorly
immunogenic tumors. That is, we have observed the complete
rejection of an established poorly immunogenic TS/A tumor
in a Th2-biased, Treg-rich BALB/c mouse using the “low-tech”
approach of subcutaneously administered DCs with CpG DNA.
Once such an optimized dose of CpG DNA was identified, no
more than one priming and one booster dose of CpG DNA with
DCs were required to effect complete tumor rejection in vivo,
thereby obviating the need for repeat booster injections. Also,
there was no a priori requirement to deplete mice of Tregs* or
modify TS/A tumor cells or DCs***to enhance tumor rejection,
thereby considerably simplifying any comparable application
to humans. However, although our study demonstrates a dose-
response relationship for CpG DNA in tumor-bearing mice, such
a relationship has not yet been demonstrated in human cancer
therapy.*”** This may relate to a different biology of CpG DNA in
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humans, a higher level of immunosuppression in patients with
advanced cancer, or underdosing of CpG DNA. Therefore, given
that a subset of human DCs is activated by CpG DNA,”"" any
clinical trial combining such pulsed DCs with CpG DNA will
require a formal dose-finding schema for CpG DNA that evolves
beyond mere local activation of DCs to induce systemic Th1l
immunity, as demonstrated in our study.
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