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Abstract
Myeloid cells play a key role in the outcome of anti-tumor immunity and response to anti-cancer
therapy, since in the tumor microenvironment they may exert both stimulatory and inhibitory
pressures on the proliferative, angiogenic, metastatic, and immunomodulating potential of tumor
cells. Therefore, understanding the mechanisms of myeloid regulatory cell differentiation is
critical for developing strategies for the therapeutic reversal of myeloid derived suppressor cell
(MDSC) accumulation in the tumor-bearing hosts. Here, using an in vitro model system, several
potential mechanisms of the direct effect of paclitaxel on MDSC were tested, which might be
responsible for the anti-tumor potential of low-dose paclitaxel therapy in mice. It was
hypothesized that a decreased level of MDSC in vivo after paclitaxel administration might be due
to (i) the blockage of MDSC generation, (ii) an induction of MDSC apoptosis, or (iii) the
stimulation of MDSC differentiation. The results revealed that paclitaxel in ultra-low
concentrations neither increased MDSC apoptosis nor blocked MDSC generation, but stimulated
MDSC differentiation towards dendritic cells. This effect of paclitaxel was TLR4-independent
since it was not diminished in cell cultures originated from TLR4−/− mice. These results support a
new concept that certain chemotherapeutic agents in ultra-low non-cytotoxic doses may suppress
tumor progression by targeting several cell populations in the tumor microenvironment, including
MDSC.
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Introduction
Myeloid regulatory and antigen-presenting cells play a principal role in the induction,
maintenance, and outcome of the anti-tumor immune response and in the response to anti-
cancer therapy, since in the tumor microenvironment they can collectively exert both
stimulatory and inhibitory pressures on the proliferative, angiogenic, and
immunomodulating potential of tumor cells, as well as tumor ability to spread and
metastasize. Depending on their nature, activity, and location, dendritic cells (DC),
macrophages, granulocytes, and immature myeloid cells can promote the differentiation,
expansion, and polarization of CD4+ T-helper (TH)-1, TH2, TH17, and regulatory (Treg) T-
cells or modulate the proliferation and activity of CD8+ cytotoxic T-lymphocytes (CTL).

Myeloid regulatory cells may also directly affect tumor cell pro-liferation, spreading, and
interaction with other critical intra-tumoral stromal elements, such as fibroblasts and the
endothelial cellular network. For instance, immunogenic (M1), alternatively activated pro-
tumorigenic (M2) macrophages, Tie2-expressing monocytes and recently identified
regulatory macrophages have been reported to control both tumor progression and the
development of the anti-tumor immunity (Nagaraj et al., 2009; Jaiswal et al., 2010;
Mantovani and Sica, 2010). Alternatively-activated tumor-associated macrophages have
been implicated in carcinogenesis through macrophage/monocyte colony stimulating factor
(M-CSF), tumor necrosis factor (TNF)-α, interleukin (IL)-10, and transforming growth
factor (TGF)-β in the angiogenic switch through vascular endothelial growth factor (VEGF)
as well as in the local invasion and metastasis through cathepsins B and S. They also
contribute trophic functions to the emergence of nascent tumor clones, phagocytose
apoptotic tumor cells, recruit other hematopoietic cells, influence the tissue response to
hypoxia and, together with Treg, suppress TH1 cell and CTL anti-tumor responses (Gordon
and Martinez, 2010). DC, a highly plastic group of mostly myeloid inherently efficient
antigen-presenting regulators, incorporate resident DC, migratory DC, and inflammatory DC
capable of eliciting lymphocyte responses including activation of CD4+ TH1 and TH2 cells
(Watowich and Liu, 2010). In contrast to these conventional DC, plasmacytoid DC,
immature conventional DC, and regulatory DC may exhibit potent immunosuppressive and/
or tolerogenic properties in the tumor milieu and block proliferation of antigen-specific and
non-specific CD4+ and CD8+ T-cells, support polarization and activation of Treg
lymphocytes and stimulate intra-tumoral neovascularization (Shurin et al., 2006, 2011,
2012; Murdoch et al., 2008; Tisch, 2010). TGFβ within the tumor microenvironment may
induce a population of tumor-associated neutrophils (TAN) with a pro-tumorigenic
phenotype (N1 cells), while a TGFβ blockade resulted in the recruitment and activation of
TAN with an anti-tumor phenotype (N2) (Fridlender et al., 2009). Thus, diversity is a
hallmark of tumor-associated myeloid-derived cells endowed with suppressive activity in
the blood, in lymphoid tissues, and in tumors (Mantovani, 2010).

MDSC, the most known group of myeloid regulatory cells, are the heterogeneous population
of myeloid progenitor and immature myeloid cells that share a common property of
suppressing immune responses. MDSC use a variety of mechanisms to suppress tumor
immunity (Condamine and Gabrilovich, 2010). Monocytic and granulocytic MDSC both
utilize a mechanism in which arginase catabolizes L-arginine, depleting it in the local
environment. T-Cells deprived of L-arginine are deficient for CD3ζ chain and are arrested
in the G0–G1 phase of the cell cycle (Rodriguez et al., 2007; Ostrand-Rosenberg, 2010).
MDSC also prevent T-cell activation by sequestering cystine and limiting the availability of
cysteine (Ostrand-Rosenberg, 2010; Srivastava et al., 2010). Granulocytic MDSC express
high levels of reactive oxygen species which induce apoptosis of T-cells and also nitrate T-
cell receptors (Gabrilovich and Nagaraj, 2009). Monocytic MDSC produce NO and block T-
cell proliferation. MDSC also perturb T-cell activation by secreting IL-10, prostaglandins,
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and other immunosuppressive mediators and by inducing Foxp3+-regulatory T-cells (Treg)
(Eruslanov et al., 2010; Fujimura et al., 2010).

Understanding the diversity of tumor-associated myeloid lineages and the mechanisms of
myeloid regulatory cell differentiation and inter-differentiation is crucial for developing
therapeutic strategies controlling their differentiation, polarization, and accumulation in the
tumor microenvironment. For instance, MDSC differentiate into mature granulocytes,
macrophages, or DC under normal conditions, but under chronic inflammatory conditions,
including cancer, differentiation of MDSC into mature myeloid cells is blocked and the
population is expanded (Almand et al., 2001; Mirza et al., 2006; Ochoa et al., 2007; Narita
et al., 2009). Elimination of MDSC dramatically improved immune responses in tumor-
bearing mice and in cancer patients; in some models, it resulted in a direct anti-tumor effect
(Youn and Gabrilovich, 2010). Therefore, several approaches have been offered to inhibit
MDSC maturation (e.g., STAT3 inhibitors, RTK inhibitor Sunitinib), deplete MDSC (e.g.,
gemcitabine, 5-FU, Alemtuzumab), block MDSC functions (e.g., nitroaspirines, PDE5 and
COX-2 inhibitors), or force MDSC differentiation (e.g., Vitamins A and D3) (Suzuki et al.,
2005; Gabrilovich and Nagaraj, 2009; Ko et al., 2009, 2010; Pulaski et al., 2009; Ugel et al.,
2009; Condamine and Gabrilovich, 2010). Interestingly, certain chemotherapeutic agents
from different classes have been reported to deplete MDSC and inhibit MDSC formation
(Suzuki et al., 2005; Le et al., 2009; Kodumudi et al., 2010) by inducing cell death in MDSC
or their precursors. However, nothing is known about the effects of non-cytotoxic low-dose
chemotherapeutic drugs on MDSC formation or differentiation (Naiditch et al., 2011).

A growing interest in the immunostimulatory properties of several chemotherapeutic agents
used in ultra-low non-cytotoxic doses has been supported by recent reports showing that
paclitaxel, doxorubicin, methotrexate, and other agents can up-regulate maturation and
function of murine and human DC (Kaneno et al., 2009; Shurin et al., 2009), regulate signal
transduction pathways in DC (Shurin et al., 2008), increase tumor recognition by DC and
CTL (Kaneno et al., 2011), and suppress formation of regulatory DC both in vitro and in
vivo (Shurin et al., in press). We have recently demonstrated that paclitaxel in an ultra-low
non-cytotoxic dose in vivo significantly delays the development of spontaneous melanoma
in mice, which is associated with decreased tumor infiltration by MDSC (Sevko et al., in
press). However, the mechanism of this effect remains unclear.

Here, using an in vitro model system, we tested several potential mechanisms of a direct
effect of paclitaxel on MDSC, which might be involved in paclitaxel-induced down-
regulation of MDSC and its anti-tumor potential in mice. We hypothesized that decreased
level of MDSC in vivo after paclitaxel administration might be due to either the (i) blockage
of MDSC generation, (ii) induction of MDSC apoptosis, or (iii) stimulation of MDSC
differentiation. Our results revealed that paclitaxel in ultra-low concentrations neither
increased MDSC apoptosis nor blocked MDSC generation but stimulated MDSC
differentiation towards DC.

Materials and methods
Animals

Male C57BL/6 mice (6–8-week-old, Taconic Farms, Germantown, NY) were housed in a
pathogen-free AAALAC-accredited facility under controlled temperature (22°C), relative
humidity (55.5%), and 12-h light/dark cycles with a commercial rodent diet and water
available ad libitum. C57BL/10ScNJ mice with a deletion of the Tlr4 gene (Jackson Lab.,
Bar Harbor, Maine) were used for the generation of TLR4−/− cells. All animal procedures
were conducted under an animal protocol approved by the University of Pittsburgh
Institutional Animal Care and Use Committee (IACUC).
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MDSC cultures
Myeloid derived suppressor cells (MDSC) could be generated from the bone marrow
precursors using granulocyte-macrophage/monocyte colony stimulating factor (GM-CSF),
GM-CSF + IL-6 or different variations of growth factors and cytokines (e.g., c-kit ligand,
IL-3, IL-6, thrombopoietin, VEGF, and FLT3L) (Rössner et al., 2005; Marigo et al., 2010;
Zhou et al., 2010). The appearance of cells with similar properties and phenotype can be
obtained from GM-CSF-driven, bone marrow-derived cultures by the addition of tumor-
conditioned medium (Kusmartsev and Gabrilovich, 2006). In addition, bone marrow MDSC
could be maintained in cultures supplemented with GM-CSF (Dolcetti et al., 2010).

Therefore, to collect, maintain, and generate MDSC cultures, bone marrow cells were
isolated from murine femur and tibia, depleted of erythrocytes, CD4+, CD8+, and B220+

cells, and cultured overnight in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 50 μg gentamicin/ml, 1 mM sodium pyruvate, 2 mM L-glutamine, and 0.1 mM non-
essential amino acids (all from Invitrogen, Grant Island, NY) at 37°C in 5% CO2. The non-
adherent cells were collected and seeded in complete medium containing 1000 U GM-CSF/
ml alone or in combination with 5 ng IL-6/ml (both agents from PeproTech, Rocky Hill, NJ)
for 5–7 days. Paclitaxel (Mayne Pharma, Salisbury South, Australia) was added on Day 1 or
Day 4, and the MDSC were then harvested and analyzed on Days 5, 6, and 7 of the culture
regimen.

Flow cytometry
To assess MDSC phenotype, cultured cells were washed in FACS buffer (Hank’s balanced
salt solution [HBSS] containing 0.1% [w/v] bovine serum albumin and 0.1% [w/v] NaN3)
and stained for MDSC markers (CD11b, Gr-1, and Ly6C). Furthermore, the differentiation
of MDSC into DC was analyzed by staining for DC-related markers (CD11b, CD11c, CD80,
CD86, I-Ab, and CD40). All antibodies used for these staining protocols were purchased in
fluorochrome-conjugated forms (as rat antimouse monoclonal antibodies) from BD
Biosciences (San Diego, CA). Cells were analyzed on a FACScan flow cytometer using the
Cell Quest 1.0 software (all from BD Biosciences). A minimum of 10,000 events/sample
was acquired. The results were expressed as the percentage of positive cells.

Apoptosis measurement
To analyze the level of apoptosis induced by paclitaxel, MDSC were treated with 1, 50, or
200 nM paclitaxel for 24 h and then double-stained with FITC-conjugated Annexin V (BD
Biosciences) and 10 μg propidium iodide/ml (Sigma, Saint Louis, MO), as described in
Balkir et al. (2004). The levels of cell apoptosis were determined by FACScan with Cell
Quest 1.0 software. Early and late apoptotic cells were defined as AnnexinV+PI− or
AnnexinV+PI+, respectively. A minimum of 10,000 events/sample was acquired.

Mixed leukocyte reaction (MLR)
To determine functional activity of MDSC and DC, cells were separated using anti-CD11c-
coated micromagnetic beads (Miltenyi Biotec., Bergisch Gladbach, Germany) and co-
incubated for 48 h with syngeneic splenocytes (106 cell/ml) pre-activated with Con A (2.5
μg/ml, 5 h, Sigma) at 1:30 E:T ratio. [3H]-thymidine (1 μCi/200 μl, NEN, PerkinElmer Inc.,
Waltham, MA) was added for 16 h prior to cell harvesting on GF/C glass fiber filters
(Whatman Intl. Ltd., Maidstone, UK) using a MACH III microwell harvester (Tomtec,
Hamden, CT). Incorporation of 3H-thymidine was determined on a MicroBeta TRILUX
liquid scintillation counter (Wallac, Gaithersburg, MD) and expressed as count per minute
(cpm).
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Statistical analysis
Statistical analysis of experimental data was performed with software package GraphPad
Prism (GraphPad Software, La Jolla, CA). For all analyses, the level of significance was set
at a probability of p < 0.05. ANOVA was used for comparison of multiple groups. For single
comparisons of two groups, a Student’s t-test was used after evaluation of normality. All
experiments were repeated at least 3–4 times. Data are presented as the means ± SEM.

Results
Generation of MDSC

Our recent studies revealed that the treatment of ret transgenic mice developing spontaneous
melanoma with low dose paclitaxel resulted in a significant decrease in MDSC numbers in
the tumor microenvironment and in the inhibition of tumor development (Sevko et al., in
press). Here we investigated a direct effect of paclitaxel in low non-cytotoxic concentrations
on MDSC in vitro. By taking advantage of already knowing what are low non-cytotoxic
concentrations of paclitaxel, i.e., those that do not exert any cytotoxic or cytostatic effect on
tumor cell lines, bone marrow hematopoietic cells, or DC (Shurin et al., 2008, 2009), we
have verified whether paclitaxel is able to (i) block MDSC generation, (ii) induce apoptosis
in MDSC, or (iii) accelerate differentiation of MDSC.

Enriched populations of MDSC and hematopoietic progenitor cells were isolated from bone
marrow. To maintain MDSC in cultures and induce differentiation of myeloid precursors
into MDSC, cells were cultured with a high-concentration of GM-CSF alone as described by
Rössner et al. (2005), GM-CSF combined with IL-6 as described in Rössner et al. (2005)
and Zhou et al. (2010), or ret melanoma cell line-conditioned medium. Flow cytometry
analysis of cells expressing Gr-1 and CD11b and sub-type marker Ly6C was performed on
Day 5 to confirm the phenotypic appearance of MDSC in cultures. No marked differences in
the percentage of Gr-1+CD11b+ MDSC in cultures supplemented with GM-CSF alone vs
[GM-CSF + IL-6] vs [GM-CSF + tumor-conditioned medium] were detected. Gr-1+CD11b+

MDSC represented typically 45–60% of cells (Figure 1a). Both monocytic LY6Chigh and
granulocytic LY6Clow sub-populations of MDSC were observed in these culture conditions
(Figures 1b and 1c). Therefore, experiments focusing on the effect of paclitaxel on MDSC
were carried out with MDSC prepared with the bone marrow-derived cells cultured with
GM-CSF alone.

Effect of paclitaxel on the generation of MDSC
We first tested whether paclitaxel in low non-cytotoxic concentrations might suppress the
generation of MDSC. The bone marrow-derived MDSC cultures (prepared as described
above) were treated with medium (control) or paclitaxel (0.2 and 1 nM) on Day 1 and
characterized by flow cytometry on Day 5 (Figure 2). The results of several independent
experiments revealed that the proportion of MDSC in cultures was not significantly altered
by the addition of paclitaxel (Figure 2a). However, one can notice a tendency to a slight
decrease in the percentage of MDSC in 1 nM paclitaxel-treated cultures, i.e., 55.2 (± 7.7) vs
50.9 (± 5.6) (p > 0.05) (Figure 2b). Thus, paclitaxel in low concentrations does not directly
affect the generation of MDSC in the bone marrow-derived cell cultures.

Paclitaxel fails to induce apoptosis in MDSC
Then we tested whether paclitaxel in low concentrations might induce cell death in MDSC
cultures. MDSC were treated with 0, 1, 50, or 200 nM paclitaxel for 4 days followed by the
Annexin/PI staining (Figure 3). Addition of 1 nM paclitaxel did not significantly alter the
percentage of early apoptotic (Annexin V+/PI−) cells (13.1 [± 2.1]% vs 10.5 [± 2.2]% in the
control; p > 0.1), although 50 nM paclitaxel slightly increased the percentage of dying cells
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(16.7 [± 2.6]%; p > 0.05) and displayed a significant pro-apoptotic effect in 200 nM (28.3 [±
3.4]; p < 0.05). Late apoptotic (Annexin V+/PI+) cells represented 5–8% of the populations
when cultures were treated with 0, 1, or 50 nM paclitaxel; treatment with 200 nM paclitaxel
increased that group to ~ 20% (19.8 [± 3.1]% vs 7.4 [± 1.3]% in the control (p < 0.05;
Figure 3a). Figure 3b summarizes the results of three experiments showing that paclitaxel in
low (1 nM) concentration did not alter the amount of total (early and late) apoptotic cells
compared to untreated cells (18.2 [± 3.3]% vs 16.4 [± 1.6]%; p > 0.1), whereas at higher
concentrations (50 and 200 nM) it significantly induced apoptosis in MDSC (24.6 [± 2.4]%
and 47.7 [± 5.1]%, respectively; p < 0.05). Trypan blue staining confirmed these findings,
revealing that paclitaxel at 200 nM killed > 50% of the cells in the MDSC cultures (Figure
3c). Therefore, these results suggest that low concentrations of paclitaxel do not directly
induce apoptosis in MDSC in vitro.

Paclitaxel stimulates differentiation of MDSC
Our next hypothesis, which could explain the down-regulation of MDSC accumulation in
tumor-bearing mice, was that paclitaxel may stimulate final differentiation of MDSC into
DC. To this end, we treated cells with 0.2 and 1 nM paclitaxel on Day 4 and performed flow
cytometry staining for DC-associated marker CD11c on Days 5, 6, and 7 (Figure 4a). On
Days 5 and 6, i.e., 24 and 48 h after addition of 1 nM paclitaxel to MDSC cultures, the
number of CD11c+ cells was slightly increased to 125% of the corresponding control values.
However, 72 h after the treatment, the levels of CD11c+ DC increased significantly from
19.4 (± 2.2)% to 29.7 (± 1.4)% (p < 0.01). Similar, although less dramatic results were
obtained with the addition of 0.2 nM paclitaxel to MDSC cultures (data not shown). To
confirm the ability of 1 nM paclitaxel to stimulate the final differentiation of MDSC towards
DC in vitro, we characterized control and treated cultures using additional DC-related
phenotypic markers, including CD86, MHC Class II, and CD40 (Figure 4b). The statistical
analysis of the results from five experiments revealed a significantly increased numbers of
semi-mature MHC-II+ and co-stimulatory molecule-positive DC in MDSC cultures 72 h
after addition of paclitaxel (p < 0.05). Figure 4b shows the representative results, suggesting
that the treatment increased the percentage of CD11c+MHC-II+CD86lowCD40low DC in
MDSC cultures. Similar results were obtained with 0.2 nM paclitaxel, although the
percentage of CD11c+ DC and expression of MHC Class II and co-stimulatory molecules
were moderately lower. Finally, to determine the functional activity of paclitaxel-induced
DC, CD11c+ cells (DC) were sorted from MDSC cultures and tested in syngeneic MLR
assay with pre-activated T-cells. Figure 4c shows that isolated DC, as expected, stimulated
T-cell proliferation, while DC-depleted MDSC displayed T-cell inhibitory activity. Thus,
paclitaxel in ultra-low concentrations significantly up-regulated the differentiation of
immunosuppressive MDSC into functionally active immunostimulatory DC in vitro.

Paclitaxel modulates MDSC differentiation in a TLR4-independent manner
Since paclitaxel in ultra-low concentrations augments final differentiation of MDSC into
DC, assessed by increased percentage of CD11c+ cells expressing MHC Class II and co-
stimulatory molecules, we addressed a question on the involvement of TLR4 signaling in the
described modulation. It has been recently demonstrated that paclitaxel in sub-therapeutic
doses and μM concentrations can mimic the action of TLR agonists such as LPS and induce
maturation of mouse macrophages and DC (Manthey et al., 1994; Kalechman et al., 1996;
Chan and Yang, 2000; Byrd-Leifer et al., 2001).

To this end, we repeated the experiments with MDSC prepared from TLR4−/− mice.
Although the effect of LPS on MDSC differentiation into DC was markedly abrogated in
TLR4−/− cultures in comparison to wild-type (WT) cultures (up to 6-times; p < 0.01),
significant stimulation of DC accumulation induced by 1 nM paclitaxel was similar in
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TLR4−/− and WT samples (17.1 [± 4.2]% and 15.7 [± 2.6]% of CD11c+CD86+ cells in WT
and TLR4−/− treated cultures vs 6.2 [± 2.1]% and 5.4 [± 0.9]% in corresponding non-treated
cultures) (Figure 5). Thus, the effect of paclitaxel at 1 nM concentration on MDSC
differentiation into DC was not mediated by TLR4 signaling.

In summary, our experiments revealed that paclitaxel in low concentrations did not induce
apoptosis in MDSC or blocked their generation from hematopoietic precursors. However,
paclitaxel was able to up-regulate MDSC differentiation into DC.

Discussion
Immunosuppressive regulatory cells (such as MDSC that are generated and accumulated
during tumor development and progression) inhibit anti-tumor immunity and represent a
crucial obstacle to the clinical performance of immunotherapy and chemo-immunotherapy
of cancer (Youn and Gabrilovich, 2010). However, a growing body of evidence
demonstrates that the clinical efficacy of several types of chemotherapeutic approaches not
only relies on the direct cytotoxic or cytostatic effects on the malignant cells, but also on the
ability of chemotherapeutic agents to promote anti-tumor immune responses.

New data also indicates that several conventional chemo- and radiotherapy protocols can
selectively eliminate immune regulatory cells and revert the immunosuppressive state
associated with tumor progression, suggesting that chemotherapeutic agents may directly or
indirectly affect formation and function of immunosuppressive cells, including MDSC
(Naiditch et al., 2011). In fact, recent in vivo studies showed an effect of chemotherapeutic
treatment on the population of MDSC and thus an enhancement of the immune response
against tumors. For instance, 5-Fluorouracil (5-FU) has been identified as an anti-cancer
agent that selectively induced MDSC apoptotic cell death in vitro and in vivo. The
elimination of MDSC by 5-FU increased interferon (IFN)-γ secretion by tumor-specific
CTL infiltrating the tumor and promoted T-cell-dependent anti-tumor responses in vivo,
suggesting an opportunity to reverse the tumor-mediated immunosuppression (Vincent et al.,
2010; Apetoh et al., 2011). Gemcitabine, given at a dose similar to the equivalent dose used
in patients, was able to dramatically and specifically reduce the number of MDSC found in
the spleens of animals bearing large tumors with no significant reductions in CD4+ T-cells,
CD8+ T-cells, natural killer (NK) cells, macrophages, or B-cells. The loss of MDSC was
accompanied by an increase in the anti-tumor activity of CD8+ T-cells and activated NK
cells (Suzuki et al., 2005). The administration of oxaliplatin (5 mg/kg, intraperitoneally) and
its effect on liver metastases was also associated with a reduction in MDSC and a shift in the
tumor microenvironment towards a more pro-immunogenic phenotype (Gonzalez-Aparicio
et al., 2011). Of note, elimination of MDSC by chemotherapeutic agents used in
conventional or moderately low doses relies on their cytotoxic effects and may be associated
with acute or cumulative toxicities limiting the clinical development or utilization of such
approaches.

Several anti-neoplastic chemotherapeutic agents have been recently reported to display
potent immunostimulatory properties when used in ultra-low doses. These unexpected
effects did not relay on cytotoxic or cytostatic effects of tested agents on the immune,
hematopoietic precursor, or tumor cells, but induced maturation and activation of DC or
increased antigen processing and recognition of tumor cells by tumor-specific T-cells
(Shurin et al., 2008, 2009; Kaneno et al., 2009, 2011). This phenomenon, which is not
associated with apoptosis of tumor or immune cells, was termed ‘chemomodulation’ or
‘chemoimmunomodulation’ to distinguish its nature from conventional cytotoxicity-based
chemotherapy. We have recently revealed a decreased infiltration of the tumor
microenvironment by MDSC after treatment with paclitaxel in ultra-low non-cytotoxic
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doses in vivo (Sevko et al., in press). These results suggest that there are several potential
targets for chemomodulation in the tumor microenvironment adding MDSC to DC and
tumor cells. However, the mechanisms of MDSC down-regulation by ultra-low-dose
paclitaxel in vivo have not been determined. Several potential pathways may explain this
new phenomenon, including the inhibition of MDSC generation, induction of MDSC
apoptosis or stimulation of the final differentiation of MDSC.

Here, we showed that paclitaxel might directly affect MDSC in vitro. The generation of
MDSC from the bone marrow precursors was not altered by 1 nM paclitaxel treatment (see
Figure 2). Furthermore, treatment with paclitaxel did not increase the rate of apoptosis in
MDSC cultures (see Figure 3), ruling out the second potential mechanism of MDSC down-
regulation by paclitaxel. However, our results revealed that the treatment with 1 nM
paclitaxel stimulated final differentiation of MDSC towards DC (see Figures 4 and 5). These
results provide one possible pathway that may be responsible for down-regulation of MDSC
levels in animals treated with ultra-low-dose paclitaxel.

Our results also raise an important question about the involvement of TLR4 signaling in the
immunomodulating effects of paclitaxel. Pfannenstiel et al. (2010) recently reported that
paclitaxel treatment (at 100 nM) of DC precursors prior to maturation (induced by
lipopolysac-charide [LPS]) enhanced the expression of CD80, CD40, and MHC Class II,
and that this was blocked by anti-TLR4 antibodies in vitro. As we consistently used
significantly lower concentrations of paclitaxel in the current experiments, we have tested
whether the effect of paclitaxel on DC might still be mediated by TLR4 when the drug is
used at these lower (0.5–1 nM) doses. Using the same TLR4 blocking antibodies described
by Pfannenstiel et al. and LPS as a control, we showed that the effect of ultra-low
concentrations of paclitaxel on DC maturation is TLR4-independent (Zhang et al., in press).

To confirm these results, we repeated the experiment with DC from TLR4−/− B6/10ScNJ
mice. Although the effect of LPS on DC generation was markedly abrogated in TLR4−/− DC
in comparison to WT DC, a significant up-regulation of DC maturation markers induced by
0.5–1 nM paclitaxel was similar in the TLR4−/− and WT DC (Zhang et al., in press). Thus,
our results suggest that the effects of paclitaxel at low nM concentrations on murine DC are
not mediated by TLR4 signaling. John et al. (2010) also reported that the paclitaxel-induced
increase in HLA Class II expression on human DC was not blocked by anti-TLR4
antibodies. Furthermore, here, using the same experimental approach, we report that
stimulation of MDSC differentiation into DC by paclitaxel is not mediated by TLR4 (see
Figure 5), a finding consistent with others who reported that docetaxel (a paclitaxel analog
that does not interact with TLR4) polarized MDSC toward cells expressing MHC Class II,
CD11c, and CD86 (Kodumudi et al., 2010).

In summary, these studies have shown that paclitaxel (Taxol) at low nM concentrations is
able to push differentiation of MDSC into DC without altering MDSC longevity in vitro.
These results not only help to explain how treatment with ultra-low doses of paclitaxel may
decrease MDSC numbers in mice (Sevko et al.), but provide new evidence of multi-targeted
potential of using ultra-low doses of chemotherapeutic agents for modulating the tumor
micro-environment as a neoadjuvant approach. Understanding the mechanisms involved in
modulation of immune regulatory and effector cells in the tumor microenvironment by ultra-
low doses of chemotherapeutic agents, i.e., chemomodulation, in vivo, will provide non-
toxic alternatives for different types of anti-cancer therapy.
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Figure 1.
Phenotype of ex vivo generated MDSC. MDSC were cultured for 5 days and stained for (a)
CD11b, Gr-1, and (b and c) a sub-type marker Ly6C, as described in the Materials and
methods. Data from one representative staining are shown. Similar results were obtained in
five independent experiments.
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Figure 2.
Paclitaxel does not block the generation of MDSC ex vivo. MDSC cultures were treated
with 1 nM paclitaxel on Day 1 and compared with untreated cells on Day 5. (a) Data from
one representative CD11b/Gr-1 staining are shown. (b) The results of three independent
experiments are shown as the means (± SEM).
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Figure 3.
Paclitaxel fails to induce apoptosis in MDSC. MDSC were treated with different
concentrations of paclitaxel or medium alone (control) for 24 h and Annexin V/PI staining
was used to measure the percentage of apoptotic cells (a, b), whereas trypan blue staining
was used to measure live cell numbers (c), as described in the Materials and methods. Data
from one representative Annexin V/PI staining are shown (a). The results of three
independent experiments are shown (b, c) as the means ± SEM. * p < 0.05 vs control. (See
colour version of this figure online at www.informahealthcare.com/imt)
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Figure 4.
Paclitaxel stimulates differentiation of MDSC into DC. (a) MDSC cultures were treated with
1 nM paclitaxel and the amount of CD11c+ DC was assessed after 24–72 h by FACScan, as
described in Materials and methods. Results from four independent experiments are shown
as the mean (± SEM). (b) Additional phenotyping of DC revealed that they express MHC
Class II molecules and low levels of CD86 and CD40. (c) CD11c+ DC were isolated from
paclitaxel-treated MDSC cultures using magnetic beads (DC) and co-cultured with ConA-
activated syngeneic splenocytes (T-cells/ConA). DC-depleted MDSC served as a control
(MDSC). T-cell proliferation was assessed by [3H]-thymidine incorporation and express as
count per minute (cpm). * p < 0.05 vs corresponding control (a) or ConA-stimulated T-cell
proliferation (c). (See colour version of this figure online at
www.informahealthcare.com/imt)
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Figure 5.
Paclitaxel induces differentiation of MDSC into DC in TLR4-independent manner. MDSC
cultures were prepared from the bone marrow cells obtained from wild-type (WT) and
TLR4−/− mice and cultured with GM-CSF alone or GM-CSF + IL-6. At Day 5, cells were
treated with 1 nM paclitaxel for 72 h and DC were assessed by FACScan as CD11c+ cells
co-expressing CD86, CD80, CD40, and MHC Class II and expressed as the means (± SEM)
(n = 3). * p < 0.05 vs corresponding control.
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