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Abstract
Purpose—The main goal of this study was to provide the “proof-of-principle” that low-dose
paclitaxel is able to change the tumor microenvironment and improve the outcome of intratumoral
dendritic cell vaccine in a murine lung cancer model.

Experimental Design—We evaluated the antitumor potential and changes in the intratumoral
milieu of a combination of low-dose chemotherapy and dendritic cell vaccine in the Lewis lung
carcinoma model in vivo.

Results—The low-dose paclitaxel, which induced apoptosis in ~10% of tumor cells, was not
toxic to bone marrow cells and dendritic cells and stimulated dendritic cell maturation and
function in vitro. Although tumor cells inhibited dendritic cell differentiation in vitro, this
immuno-suppressive effect was abrogated by the pretreatment of tumor cells with low-dose
paclitaxel. Based on these data, we next tested whether pretreatment of tumor-bearing mice with
low-dose paclitaxel in vivo would improve the antitumor potential of dendritic cell vaccine
administered intratumorally. Significant inhibition of tumor growth in mice treated with low-dose
paclitaxel plus intratumoral dendritic cell vaccine, associated with increased tumor infiltration by
CD4+ and CD8+ T cells and elevated tumor-specific IFN-γ production by draining lymph node
cells, was revealed. Using a novel intratumoral microdialysis technique and Luminex technology
for collecting and characterizing soluble factors released within the tumor bed for several days in
live freely moving animals, we showed that low-dose paclitaxel altered the cytokine network at
the tumor site.

Conclusions—Our data indicate that low-dose chemotherapy before intratumoral delivery of
dendritic cells might be associated with beneficial alterations of the intratumoral
microenvironment and thus support antitumor immunity.

Lung cancer is the leading cause of cancer-related morbidity and mortality, resulting in more
than 160,000 deaths per year in the United States and ~1.1 million worldwide. About 80% to
85% of lung cancer cases are non–small-cell lung cancer, and 65% of them have an
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advanced-stage disease at diagnosis (1, 2). Surgery, chemotherapy, and radiation prolong
survival of patients with lung cancer, but the effect is typically temporary and decreased
with advanced disease (2–5).

The underlying rationale for high-dose chemotherapy has been to use the most effective
therapeutic agents at as high a dose possible to kill the most cancer cells (6). However, 45%
of cancer patients eventually succumb to their disease (7). Although almost all patients
respond initially to standard chemotherapy, and some patients with limited-stage disease are
cured with the combination of chemotherapy and thoracic irradiation, the majority of
patients will experience lethal relapse from chemotherapy-resistant micrometastatic disease,
and this has resulted in poor long-term survival (8, 9).

These and other problems of traditional maximum-tolerated dose regimens of chemotherapy
warranted the development of different approaches, such as metronomic chemotherapy,
which involves administration of cytotoxic drugs at doses that are low enough to avoid
myelosuppression and other dose-limiting side effects (10, 11). Furthermore, low-dose
chemotherapy given on a more frequent basis might have the antiangiogenic effect. For
instance, the low toxicity profile and efficacy of low-dose paclitaxel justified its usage in the
group of poor-prognosis elderly patients with lung cancer and as a second-line treatment for
advanced lung cancer (12, 13). However, in most low-dose studies conducted up to now,
even when tumors have disappeared completely, relapses eventually occur and patients die
(11).

The limited successes of conventional treatments for patients with lung cancer raised the
possibility that a combination therapy may overcome tumor resistance to different
treatments. For instance, rationale for combining chemotherapy with immunotherapeutic
strategies has been widely discussed and a few reports provide evidence that combining
cytotoxic agents with immunostimulation may result in low tumorigenicity and higher
immunogenicity when compared with either therapy alone (14–18). However, those studies
used pharmacologic, and thus potentially toxic and immunosuppressive, doses of
chemotherapeutic drugs. Several recent studies comparing the efficacy of chemotherapy at
high and low doses in combination with antiangiogenic drug documented the longest
survival in animals that received low-dose chemotherapy and antiangiogenic treatment. This
was associated with no side effects and a marked decrease in tumor size (19–21). However,
there are no reports that address the therapeutic and immunomodulating potential of low-
dose chemotherapeutic agents in a setting of combined chemotherapy with cancer vaccines.

The main goal of this study was to evaluate the therapeutic and primary immunologic effects
of low-dose chemotherapy and its combination with intratumoral dendritic cell vaccine for
the treatment of lung carcinoma. We tested whether low-dose chemotherapy may change
cytokine network at the tumor site and support the antitumor potential of dendritic cell
vaccine. We found that although tumor cells inhibited dendritic cell maturation and function
in vitro, their immunosuppressive effect was significantly decreased by low-dose paclitaxel.
Single administration of low-dose paclitaxel before intralesional dendritic cell vaccine in
vivo resulted in significant inhibition of lung cancer growth and was associated with
accumulation of CD4+ and CD8+ T cells in the tumor and of IFN-γ–producing tumor-
specific T cells in the draining lymph nodes. These results were not achieved when either of
the treatments was applied alone. Furthermore, a single injection of paclitaxel resulted in
increased expression of monocyte chemoattractant protein 1 (MCP-1) at the tumor site,
whereas the application of low-dose paclitaxel followed by dendritic cell vaccine induced an
increase in intratumoral MCP-1 and IFN-inducible protein 10 (IP-10) chemokines and a
decrease in intratumoral inter-leukin (IL)-1α release in vivo. Altogether, these data suggest
that pretreatment of a tumor-bearing host with low-dose paclitaxel might alter the
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immunologic intratumoral microenvironment, including cytokine network and
immunosuppressive activity of tumor cells, and thus be beneficial for the therapeutic
potential of the subsequent dendritic cell vaccine.

Materials and Methods
Animals

Male C57BL/6 mice, 6 to 8 weeks old, were obtained from Taconic and housed in
transparent plastic cages under pathogen-free conditions, controlled temperature and
humidity, and a 12-h light-dark cycle, with sterile food and water ad libitum.

Cell cultures, reagents, and cytokines
Murine 3LL and B16 tumor cells (American Type Culture Collection) and bone marrow
cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 100 units/
100 μg/mL penicillin/streptomycin, 1 mmol/L sodium pyruvate, 2 mmol/L L-glutamine, and
0.1 mmol/L nonessential amino acids at 37°C in 5% CO2. Tissue culture reagents were from
Sigma Chemical or Life Technologies.

The generation of murine bone marrow–derived dendritic cells was done as described (22).
Briefly, mouse hematopoietic progenitors were isolated from the bone marrow and depleted
of erythrocytes, B and T lymphocytes, and adherent cells. Then, cells were resuspended (0.5
× 106/mL) in culture medium containing granulocyte macrophage colony-stimulating factor
(GM-CSF) and IL-4 and cultured for 6 to 7 days. Murine recombinant GM-CSF and IL-4
were from PeproTech and used at 1,000 units/mL to direct dendritic cell differentiation from
bone marrow hematopoietic precursor cells.

The cytotoxic agents paclitaxel, cisplatin, and taxotere were from Mayne Pharma. 3LL cells
(0.2 × 106/mL) were pretreated with chemotherapeutic agents for 24 and 48 h at a range of
concentrations: 0, 10, 50, 100, 200, and 400 nmol/L for paclitaxel; 0, 500, 1,000, 2,000,
4,000, and 8,000 nmol/L for cisplatin; and 0, 1, 10, 25, 50, and 100 nmol/L for taxotere.

Annexin V binding assay
To evaluate apoptosis in 3LL cells, the Annexin V binding assay was done. Tumor cells
were double stained with FITC-conjugated Annexin V (PharMingen) and propidium iodide
(10 μg/mL; Sigma). Cells undergoing early apoptosis were determined as the percentage of
Annexin V–positive propidium iodide–negative cells by FACScan with Cell Quest 1.0
software package (Becton Dickinson).

Flow cytometry
To determine dendritic cell phenotype, cells were washed in fluorescence-activated cell
sorting medium (HBSS containing 0.1% bovine serum albumin and 0.1% NaN3) and stained
with appropriately diluted antibodies directly conjugated with FITC or phycoerythrin. The
following antibodies were used: FITC-labeled antimouse MHC class II, CD86, CD80,
CD40, and phycoerythrin-labeled CD11c (PharMingen).

Chemotaxis
Spontaneous and chemokine-induced dendritic cell migration was evaluated using 48-well
Transwell system (5 μm pore size, Corning Costar). Recombinant murine dendritic cell
chemokines, macrophage inflammatory protein (MIP)-1α (20 ng/mL) or MIP-βh (1 μg/mL;
PeproTech), were diluted in RPMI 1640 containing 1% fetal bovine serum (assay medium)
and placed (600 AL) in the lower chamber of transwell plates. Assay medium was used to
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measure spontaneous dendritic cell migration. Dendritic cells (0.5 × 106/mL) were added to
transwell inserts in 100 AL and incubated for 4 h at 37°C, 5% CO2. After incubation, cells
that trans-migrated through the membrane were collected and acquired on FACScan for 1
min. Dendritic cell migration was calculated as the percentage of transmigrated cells from
the control values (spontaneous dendritic cell migration).

Experimental design in vitro
Bone marrow–derived dendritic cell precursors (0.5 × 106/mL) were cocultured with
medium or 3LL cells (0.5 × 106/mL) that were untreated or treated with indicated
concentrations of chemotherapeutic agents. Dendritic cells and tumor cells were separated
by the membrane of 0.4-μm pore size. Tumor cells were added to dendritic cell cultures on
day 1 for 48 h. Dendritic cells were harvested on day 7 for the phenotype and function
analysis.

Experimental design in vivo
3LL cells (0.5 × 106 in 100 AL of saline) were inoculated s.c. into the back of C57BL/6
mice. Tumors were allowed to develop for 9 days and mice were then randomly divided into
four groups: (a) controls, treated with saline; (b) treated with a single i.p. injection of 2 mg/
kg paclitaxel; (c) treated with intratumoral injections of dendritic cells (2 × 106 per mouse);
and (d) i.p. injection of 2 mg/kg paclitaxel followed by intratumoral dendritic cell injections.
In all experiments, the dose of paclitaxel (2 mg/kg) was 1:10 of proven optimal therapeutic
dose (23–25) and was not toxic, as assessed in a series of pilot studies. The tumor size was
measured thrice a week with calipers and recorded as the tumor area (in square millimeter).
All studies consisted of five mice per group. Experiments were independently repeated
thrice.

Immunohistochemical analysis
Tumor tissue samples from lung carcinoma–bearing mice were harvested into the optimum
cutting temperature compound (Tissue-Tek) and stored at −80°C. Cryostat sections (5 μm)
were fixed in cold acetone for 15 min. Slides were washed with PBS and incubated for 1 h at
room temperature with the appropriate dilutions of anti-CD4 or anti-CD8 antibodies
(PharMingen). Biotinylated mouse anti-rat IgG (Jackson Immuno Research Laboratories)
was used as secondary antibody and was applied for 45 min. After developing with the
peroxidase chromogen kit (3-amino-9-ethylcarbazol; Biomega) for 8 min, counterstaining
was done with hematoxylin.

IFN-γ assay
Lymph node cells (1 × 106/mL) isolated from treated and control mice were added to 24-
well plates and stimulated with irradiated (300 Gy) 3LL lung carcinoma or B16 melanoma
cells (0.2 × 106/mL). Irradiated B16 cells were used as an irrelevant tumor cell line to verify
that IFN-γ–producing T cells in 3LL-bearing and treated mice are specific for 3LL tumor
cells. Supernatants were collected 48 h later, centrifuged (2,000 × g, 15 min), and stored at
−20°C. Supernatants from nonstimulated lymph node cells were used to measure
spontaneous cytokine production. Levels of IFN-γ were assessed by ELISA (R&D
Systems).

Analysis of cytokines in intratumoral interstitial fluid
We have recently developed a new technique that allows determining the levels of a number
of soluble biomarkers released dynamically within the tumor microenvironment in live
freely moving animals (26). The method uses intratumoral insertion of a specially designed
two-channel microdialysis probe connected to the micropump and specially designed freely
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moving collection devise. A 10-mm-long CMA/20 microdialysis probe (CMA
Microdialysis) is implanted and fixed inside of a tumor mass or control s.c. tissues, and
extracellular interstitial fluid is collected via the micropump-regulated circulation (16 μL/h)
of the buffer [4% (w/v) dextran-70 in PBS]. The use of dextran-70 in the circulating buffer
helps to counterbalance the high osmolarity of tissue interstitial fluid to prevent probe
volume loss and does not interfere with biomarker detection. The outer cannula of the probe
is made from nanoporous polyethersulfone and has a nominal molecular weight cutoff of
100,000 Da (26, 27). Multiple samples (~50 μL) were collected from live freely moving
animals housed in specially designed chambers/cells and the levels of cytokines,
chemokines, and growth factors were detected simultaneously in each sample by the
Luminex-based Multiplexed assay. Twenty-plex assays for IL-2, IL-4, IL-5, IL-6, IL-10,
IL-12p40/p70, IL-13, IL-17, IL-1α, IL-1β. IFN-γ, GM-CSF, IP-10, MIP-1α, MCP-1,
Kupffer cells, fibroblast growth factor-β, monokine induced by IFN-γ, tumor necrosis
factor-α, and vascular endothelial growth factor were purchased from Biosource
International. The Lab MAP assay was done according to the manufacturer’s protocol.

Statistical analysis
For a single comparison of two groups, the Student t test was used after evaluation for
normality. If data distribution was not normal, a Mann-Whitney rank sum test was done. For
the comparison of multiple groups, one-way or two-way ANOVA was applied. For all
statistical analyses, P = 0.05 was considered to be significant. Data are presented as mean ±
SE.

Results
Analysis of apoptosis in 3LL cells induced by the cytotoxic agents in vitro

The first goal was to evaluate the sensitivity of 3LL cells to various concentrations of
chemotherapeutic agents in vitro. Tumor cells were treated with a range of concentrations of
paclitaxel (0–400 nmol/L), cisplatin (0–8,000 nmol/L), or Taxotere (0–100 nmol/L) and
harvested for assessing the levels of apoptosis 24 and 48 h later. To express the results
related to the apoptosis rates in 3LL cells treated with the chemotherapeutic agents, we
subtracted the percentage of spontaneous apoptotic in nontreated tumor cell cultures from
chemotherapy-induced apoptosis values. Concentrations of cytotoxic agents that caused
<10% to 15% cell death above the background level within 48 h were chosen for the
subsequent experiments. For instance, Annexin V binding assay revealed that apoptotic rate
determined as the percentage of Annexin V–positive propidium iodide–negative cells treated
with paclitaxel at the concentration 50 nmol/L was 9.8 ± 1.3% and 12.2 ± 1.6% at 24 and 48
h, respectively (Fig. 1). Importantly, this dose of paclitaxel was not toxic for murine bone
marrow cells: the percentage of cells that underwent early and late stages of apoptosis after
48 h was 11.8% (7.7% + 4.1%), which is comparable with 11.0% (7.2% + 3.8%) for control
nontreated bone marrow cells. Higher doses of paclitaxel were used as positive controls and
proved its dose-dependent toxic effect on bone marrow cells.

Our results also showed that after 48 h of the treatment, taxotere at the range of
concentrations between 1 and 25 nmol/L caused 10% to 15% apoptosis of tumor cells (Fig.
1). At the same time, taxotere even at 1 nmol/L induced apoptosis of bone marrow cells up
to 30% when compared with control cultures. Because bone marrow cells were sensitive to 1
nmol/L taxotere, and 3LL cells showed high resistance to cisplatin (Fig. 1), only paclitaxel
was chosen for further experiments.
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Inhibition of dendritic cell maturation and function by 3LL cells in vitro was reversed by
pretreatment with low-dose paclitaxel

Murine bone marrow–derived cultures were analyzed at day 7 for the phenotypic
characteristics of generated dendritic cells. FACScan analysis revealed that control dendritic
cell cultures were repeatedly ~15% CD11c+CD40+, ~20% CD11c+CD86+, and ~10%
CD11c+Iab+. The addition of 3LL cells to dendritic cell cultures resulted in significant
inhibition of dendritic cell maturation as assessed by the expression of CD40, CD86, and
MHC class II molecules on dendritic cells (Fig. 2). However, the immunosuppressive effect
of 3LL cells was significantly decreased with pretreatment of tumor cells with 50 nmol/L
paclitaxel for 48 h. For instance, in the presence of 3LL cells, the percentage of
CD11C+CD40+ dendritic cells decreased from 16.5% (control) to 9.2% (P < 0.05), whereas
pretreatment of tumor cells with low-dose paclitaxel recovered the level of CD11C+CD40+

dendritic cells to 29% (Fig. 2). The same pattern was observed for the expression of CD86
and Iab on dendritic cells, but the effect was less dramatic when compared with CD40
expression. Importantly, only live tumor cells were used in these studies, ensuring an
appropriate comparison. Furthermore, paclitaxel alone at 50 nmol/L had an
immunostimulatory effect on dendritic cell maturation and up-regulated CD40 expression on
dendritic cells up to 40% (P < 0.05; Fig. 2). In the presence of paclitaxel, the expression of
CD86 and Iab molecules on dendritic cells increased from 18.5% to 44.5% and from 10.9%
to 27.3%, respectively (P < 0.05).

Next, to confirm the FACScan data, we showed that the chemotactic potential and motility
of dendritic cells cocultured with 3LL cells were also markedly decreased, as shown by the
analysis of dendritic cell migration toward chemokines MIP-1α and MIP-3β. As shown in
Fig. 3, up to 75% and 55% reductions of MIP-1α– and MIP-3β–induced dendritic cell
migration were observed in dendritic cells treated with tumor cells when compared with the
migration of dendritic cells from the control cultures (P < 0.05). However, tumor-induced
inhibition of dendritic cell motility was prevented if tumor cells were pretreated with low-
dose paclitaxel (P < 0.05). Again, only live tumor cells were used in these experiments to
ensure appropriate comparison.

Thus, in addition to the immunostimulatory effect of low-dose paclitaxel on dendritic cell
differentiation and function, we showed that whereas 3LL cells inhibited dendritic cell
maturation and motility, paclitaxel could reverse these effects. These in vitro results served
as basic support for therapeutic intratumoral administration of dendritic cells in 3LL-bearing
mice after pretreatment with low-dose paclitaxel in our in vivo studies.

Combination of chemotherapy and dendritic cell vaccine caused significant inhibition of
lung cancer growth in vivo and augmented T-cell infiltration of the tumor

Next, we investigated the therapeutic effect of a combination of low-dose chemotherapy and
dendritic cell vaccine in vivo using s.c. Lewis lung carcinoma model. Animals were divided
into four groups: (a) nontreated; (b) treated with i.p. injection of paclitaxel on day 9 (2 mg/
kg, 1:10 of an optimal dose); (c) treated with intratumoral injections of immature dendritic
cells on days 11 and 13; and (d) i.p. injection of paclitaxel followed by intratumoral
dendritic cell injections (Fig. 4A). To avoid the limitations with the isolation of unknown
tumor antigens in 3LL model, we injected dendritic cells intralesionally. Intratumoral
delivery of dendritic cell vaccine in the absence of defined tumor antigens has a number of
advantages compared with the conventional dendritic cell administration (28, 29). As shown
in Fig. 4A, there was a gradual increase in tumor size in tumor-bearing mice treated with
saline. After day 13, reduced tumor growth was observed in groups 2, 3, and 4 when
compared with the nontreated controls (Fig. 4A; P < 0.05). However, the combination of
chemotherapy with dendritic cell vaccine resulted in the strongest decrease in 3LL tumor

Zhong et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2008 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



growth when compared with either therapy alone or control groups. For example, on day 21
after 3LL cell injection, the mean tumor sizes in groups 1, 2, 3, and 4 were 458.2 ± 44.8,
303.6 ± 9.3, 342.8 ± 25.0, and 191.8 ± 33.8 mm2 (P < 0.05, group 4 versus other three
groups), respectively. Next, we assessed how the inhibition of tumor growth was correlated
with lymphocyte attraction and homing at the tumor site. Tumors from all experimental
groups were removed on day 21 and examined for CD4 and CD8 expression. There was a
marked increase in CD4 and CD8 T-cell infiltration observed in the group of animals that
received combination therapy, allowing us to speculate that inhibition of tumor growth in
these mice might be directly or indirectly related to the development of antitumor immunity
(Fig. 4B).

Combination chemo-immunotherapy of lung cancer resulted in increased IFN-γ production
by draining lymph node cells

To evaluate potential generation of tumor-specific cytotoxic lymphocytes, IFN-γ production
was assessed in cultures of regional lymph node cells isolated from saline-, paclitaxel-,
dendritic cell–, and paclitaxel/dendritic cell–treated mice. IFN-γ was measured in the
supernatants of lymph node cells, which were (a) nonstimulated, (b) stimulated with
irradiated 3LL lung cancer, and (c) stimulated with irradiated irrelevant B16 melanoma
cells. Figure 5 shows that lymph node cells isolated from mice treated with low-dose
paclitaxel plus dendritic cell vaccine released significantly higher levels of IFN-γ on
stimulation with irradiated 3LL cells than lymphocytes from other groups (P < 0.05): they
produced 288.4 ± 3.4 pg/mL IFN-γ, whereas IFN-γ production by cells isolated from
control, paclitaxel-, and dendritic cell–treated groups was 0.5 ± 0.01, 3.2 ± 0.01, and 156 ±
14.5 pg/mL, respectively. IFN-γ was secreted in minute amounts in response to the
irrelevant syngeneic murine melanoma cells and was not secreted spontaneously, indicating
that the observed IFN-γ response was immunologically specific to 3LL tumor cells (Fig. 5).

Thus, the clinical response achieved with the combination of low-dose paclitaxel and
dendritic cell vaccine was associated with increased tumor-specific IFN-γ production by
draining lymph node lymphocytes. Together with increased tumor infiltration by CD4+ and
CD8+ T cells, these data indicate that intratumoral delivery of dendritic cells after low-dose
chemotherapy might be associated with up-regulation of antitumor immunity and beneficial
alteration of intratumoral microenvironment.

Systemic chemotherapy and local dendritic cell vaccine modulated cytokine network at
the tumor site

In the next set of experiments using implantation of microdialysis probes and MAPX
Luminex technology for protein detection, we assessed alterations of intratumoral cytokine
network in mice treated with chemotherapeutic, immunotherapeutic, or
chemoimmunotherapeutic means. Microdialysis probes were implanted intratumorally or in
close nonmalignant tissue at day 21 after tumor injection. Figure 6 shows the results of a
representative experiment (n = 2) when intratumoral cytokines were assessed during a 3-day
period in the established 3LL tumors after the low-dose paclitaxel, dendritic cell vaccine, or
combination therapy. Secretion of cytokines in tumor-free cutaneous tissue served as a
control. Nontreated tumors served as an additional control. Systemic administration of low-
dose paclitaxel was accompanied by up to 20- to 30-fold up-regulation of MCP-1 level in
the tumor mass, whereas the level of IL-1α was decreased almost twice. The combination
therapy was associated with an additional increase in intratumoral MCP-1 and IP-10 and a
decrease in intratumoral IL-1α. As can be seen in Fig. 6, after combination therapy, the
increase in intratumoral MCP-1 and IP-10 release continued up to 77 and 48 h, respectively.
For instance, 72 h after implantation of micro-dialysis probe, the levels of intratumoral
MCP-1 were 29.9 ± 2.2, 620.5 ± 55.0, 80.3 ± 6.8, and 1,823.4 ± 178.2 pg/mL in untreated
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tumor-bearing mice and lung cancer–bearing mice treated with low-dose paclitaxel,
intratumoral dendritic cell vaccine, or combination therapy, respectively. No effects of
therapy on cytokine production in control nonmalignant areas were determined. The therapy
did not change tumor necrosis factor-α, fibroblast growth factor-β, IL-4, IL-6, IL-10, and
MIP-1α production. The release of proinflammatory mediators MCP-1 and IP-10 and the
decrease in intratumoral IL-1α in the group of animals that received low-dose paclitaxel and
dendritic cell vaccine were correlated with significant inhibition of tumor growth. Thus,
these data suggest that chemo-immunotherapy might cause specific alterations in the
intratumoral microenvironment, which can be beneficial for up-regulating antitumor
responses and inhibition of tumor growth.

Discussion
Recent studies have shown the benefits of combining chemotherapy with immunotherapy
for the treatment of cancer. Although it is common to consider conventional chemotherapy
as an immunosuppressive modality with a negative cumulative effect on the function of
nonmalignant tissues and the immune system (25, 30, 31), there are no data characterizing
the potential immunomodulating properties of low-dose chemotherapy. We initiated
incorporation of low-dose chemotherapy into the vaccine therapy protocols, wherein the
immunotherapeutic component should target both primary and metastatic tumors and
hopefully induce specific antitumor immunologic memory. We thus intended to “prepare”
tumor-bearing hosts for a better response to dendritic cell vaccine by using low-dose
chemotherapy. We speculated that tumor cell modification by low-dose chemotherapeutic
agents might change the local tumor microenvironment in a way that increases the source of
tumor antigens for immune cells, up-regulates their functional activity, and thus accelerates
and sustains antitumor immunity and overall therapeutic effect. Our data support this
hypothesis. We showed that the combination of low-dose paclitaxel followed by
intratumoral injection of dendritic cell vaccine was much more efficient for the treatment of
murine lung carcinoma than either dendritic cell vaccine or paclitaxel alone in terms of the
inhibition of tumor growth, CD4+ and CD8+ T-cell infiltration of the tumor, and induction
of a tumor-specific immune response in regional lymph nodes. In addition, we showed that
the chosen concentration of paclitaxel was not toxic to bone marrow cells and even
stimulated dendritic cell maturation and function. Furthermore, tumor-induced inhibition of
dendritic cell maturation and motility was reversed by the pretreatment of tumor cells with
low-dose paclitaxel. The fact that paclitaxel stimulates dendritic cells and protects them
from tumor-mediated inhibition supports the design of intratumoral administration of
dendritic cells after pretreatment of tumor-bearing mice with low-dose chemotherapy.

Recently, Ramanathapuram et al., using a α-tocopheryl succinate (a nontoxic vitamin E
analogue) in combination with dendritic cell vaccine to treat murine tumors, showed that the
combination therapy was efficient in inhibiting tumor growth when compared with α-
tocopheryl succinate alone. The clinical effect of combination therapy correlated with
increased production of IFN-γ by spleenic and lymph node lymphocytes (32). In addition,
α-tocopheryl succinate was not toxic to normal cells but selectively killed tumor cells (33–
35). These and other data are in agreement with our findings suggesting that supplementing
the chemotherapy with dendritic cell vaccine might be beneficial for cancer treatment (4, 14,
17).

It is now well accepted that tumors exist as a tissue collection of many interdependent cell
types, which results in the production of a variety of cytokines and other factors that directly
or indirectly orchestrate a number of important cellular processes that eventually lead to
tumor eradication or, in contrast, support tumor survival (26). Tumor cells, together with
stromal and tumor-infiltrating cells, produce a variety of pro-tumorigenic cytokines with
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paracrine and autocrine functions. These factors might up-regulate proliferation of tumor
cells, stimulate neovascularization, or suppress tumor cell recognition by the immune
system. Among them are IL-1, IL-6, IL-8, IL-10, IL-13, tumor necrosis factor-α,
transforming growth factor-β, vascular endothelial growth factor, and others (36–38). For
example, IL-10 and IL-13 may serve as tumor growth factors and suppressors of immune
responses. Chemo-kine (C-X-C motif) ligand 8 plays a role in mediating many human
carcinoma–derived angiogenesis and tumorigenesis (39). However, cytokines may play
different roles in tumor development and their expression might cause pleiotropic effects,
ranging from accelerating spreading and invasion of tumor cells to inducing antitumor
immune responses. This depends on the stage of tumor growth, specific tumor types, or
cytokine concentrations. For instance, whereas tumor necrosis factor-α provides pro-
oncogenic activities in many solid tumors (40), glioma-bearing mice deficient in tumor
necrosis factor develop larger tumors and have reduced survival compared with their wild-
type controls (41).

The role of many intratumoral cytokines in stimulating tumor growth and spreading, as well
as in the induction of antitumor immune response in vivo, is currently unclear. In spite of a
high translational potential of regulating intratumoral cytokine network and signaling, there
are no studies exploring the mechanisms of alteration of cytokine expression at the tumor
site during tumor progression or antitumor therapy. Evaluation of cytokines in the tumor is
based on several methodologic approaches. Historically, immunohistochemical strategies
were the most widely used in spite of very limited quantitative applicability. Isolation of
tumor cells from fresh tumor implants by enzymatic digestion provides a possibility for a
quantitative determination of cytokine production by ELISA or flow cytometry. Laser
capture microdissection might extract small amounts of tumor cells from paraffin-embedded
slides, which can be used in gene expression or proteomic assays (42, 43). However, none of
these techniques has a capability to study intratumoral factors in dynamic tumor response to
therapy. In the present study, for the first time, we combined intratumoral microdialysis and
multiplexed protein arraying to profile the cytokine network in vivo in a complex process of
tumor progression exemplified by chemo-immunotherapy-induced inhibition of tumor
growth. The results show that the application of low-dose paclitaxel with intratumoral
dendritic cell vaccine was associated with an increase in intratumoral MCP-1 and IP-10
chemokines and a decrease in IL-1α, which correlated with inhibition of tumor growth,
increased CD4 and CD8 T-cell infiltration, and increased tumor-specific IFN-γ production
by draining lymph node cells. The antitumor potential associated with MCP-1 and IP-10
chemokines and the pro-tumoral properties of IL-1α were described earlier. For example,
low-level MCP-1 secretion with modest macrophage infiltration resulted in tumor formation,
whereas a high secretion was associated with massive macrophage infiltration into the tumor
mass, leading to its destruction within a few days (44). IP-10 is a known inhibitor of tumor
angiogenesis and a powerful chemoattractant for monocytes and T lymphocytes (45, 46).
IL-1α, which is abundant at tumor sites (47), might induce proliferation, adhesion, and
migration of tumor cells (48, 49). Thus, it is now apparent that the tumor microenvironment,
serving as an interaction arena between different cell types, serves also as an interaction
ground between different intratumoral factors.

Our data suggest that low-dose chemotherapeutic agents and dendritic cell vaccine might
function in rationally selected combinations to achieve better tumor control associated with
decreased toxicity and, most importantly, more effective therapeutic potential. We are
currently extending these findings using different tumor cell lines with different classes of
chemotherapeutic agents.
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Fig. 1.
Chemotherapeutic agents induced apoptosis of 3LL cells. 3LL tumor cells were treated with
various concentrations of paclitaxel (A), cisplatin (B), and Taxotere (C) in vitro. Apoptosis
of tumor cells harvested after 24- and 48-h coincubation with chemotherapeutic agents was
assessed byAnnexinV/propidium iodide staining and FACScan analysis. Columns, mean
percentage of apoptotic (AnnexinV – positive and propidium iodide – negative) tumor cells
from three independent experiments; bars, SE.
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Fig. 2.
Paclitaxel blocked the ability of tumor cells to inhibit maturation of dendritic cells. Murine
bone marrow dendritic cell (DC) precursors were cultured with medium, 50 nmol/L
paclitaxel, or 3LL cells pretreated or non-pretreated with paclitaxel. Tumor cells were added
to dendritic cell cultures at day1for 48 h. Dendritic cells were collected 7 d later and
analyzed by flow cytometry. Typical data from a representative experiment (n = 3). X-axis
and Y-axis, relative fluorescence intensity.
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Fig. 3.
3LL tumor cells inhibited chemokine-induced migration of dendritic cells, whereas
pretreatment of tumor cells with low-dose paclitaxel prevented this inhibition. The
migratory ability of control cells and dendritic cells treated with tumor cells, paclitaxel-
pretreated tumor cells, and paclitaxel was determined. Murine dendritic cells were generated
from bone marrow precursors and their chemotaxis was assessed in the 5-μmTranswell
system in a 4-h migration assay. The numbers of transmigrated dendritic cells were
determined by a 60-s FACScan analysis of triplicate samples. Columns, mean of triplicate
measurements from three independent experiments; bars, SE. The values are presented as
the percentage from spontaneous migration. P < 0.05, versus ‘‘control’’ values.
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Fig. 4.
A, antitumor potential of combination chemo-immunotherapy was stronger than either
therapy alone in the murine lung cancer model. C57BL/6 mice were inoculated s.c. with 0.5
× 106 3LL cells, and the treatment protocol was initiated 9 d later, when an s.c. mass became
visible (~3 × 3 mm2). Experimental groups consisted of five mice per group. Experiments
were independently repeated thrice. Points, mean tumor size (mm2) from three independent
experiments; bars, SE. *, P < 0.05, two-wayANOVA for 3LL + Pac + dendritic cell group
versus other treatments. B, combination therapy augmentedT-cell infiltration of the tumor.
Twenty-one days after tumor cell injection, control and treated mice were sacrificed and the
tumors were sectioned and stained for CD4 and CD8 expression. Representative sections are
shown from untreated control and paclitaxel-, dendritic cell vaccine –, and combination
therapy – treated mice. Magnification, ×40.
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Fig. 5.
Effect of low-dose paclitaxel and dendritic cell vaccine on IFN-γ secretion by draining
lymph node cells. Draining lymph node cells were isolated on day 21 after tumor injection
from each experimental group. The cells (1 × 106/mL) were unstimulated or stimulated with
irradiated 3LL or B16 cells (0.2 × 106) and incubated in 24-well tissue culture plates for 48
h. The supernatants were collected and evaluated by ELISA for the production of IFN-γ.
Columns, mean of triplicate samples (n = 3); bars, SE. P < 0.05, versus medium.
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Fig. 6.
Alterations of intratumoral cytokine network in 3LL-bearing mice treated with chemo-
immunotherapy in vivo. C57BL/6 mice received 0.5 × 106 lung carcinoma cells s.c. and, 9 d
later, the treatment protocol was initiated. CMA/20 microdialysis probes were implanted on
day 21αnd aliquots (~50 AL/3–4 h) of intratumoral and control interstitial fluid were
collected for 3 d in live freely moving mice. Cytokines, chemokines, and growth factors
were assessed in each sample by a multiplexed analysis. 3LL, Lewis lung carcinoma; Pac,
paclitaxel: DC, dendritic cell vaccine. Results of three representative cytokines from 20
tested. Two independent experiments provided similar data.
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