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Abstract Traditionally, anticancer chemotherapy has been
generally considered to be strongly immunosuppressive.
However, increasing evidence suggests that certain chemo-
therapeutic agents rely on the induction of antitumor immune
responses, in both experimental animal models and patients
with cancer. Many of these chemotherapeutic agents exert
immunogenic effects via the induction and release of
immunostimulatory “danger” signals from dying cancerous
cells when used in low doses. New data suggests that several
common chemotherapeutic agents may also display direct
stimulating effects on immune cells even when applied in
ultra-low concentrations (chemoimmunomodulation). Impor-
tantly, it is becoming clear that both immune effector cells and
immune regulatory cells can be targeted by various chemo-
therapeutic agents to produce favorable antitumor immune
responses. Therefore, utilizing cancer drugs to enhance host
antitumor immunity should be considered a feasible therapeu-
tic approach; and recent characterization of the immunomod-
ulatory mechanisms of anticancer chemotherapy using both
new and traditional cytotoxic agents suggests that combina-
tions of these approaches with “classical” immunomodulatory
agents could lead to a viable new therapeutic paradigm for the
treatment of cancer.
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Introduction

Cancer remains the second most common cause of death in
the United States, accounting for nearly 1 of every 4 deaths in
this country. More than 1.6 million new cancer cases are
expected to be diagnosed in 2013; and almost 600,000 Amer-
icans are projected to die of cancer, equivalent to about 1,600
people per day [1]. Since the advent of the age of systemic
cancer drug therapy, treatment strategies have been dominated
by the use of cytotoxic chemotherapeutic agents for the ma-
jority of cancer types. From 1948, when Farber et al. intro-
duced aminopterin, the first chemotherapeutic agent, more
than 100 such agents have come into use in clinical practice
[2]. While significant advances have been made since that
time, such as the development of novel classes of drugs and
the use of combinatorial therapies, most drug regimens con-
tinue to be based on the traditional, maximum tolerated dose
(MTD) regimen. While such a strategy has found suc-
cess in the treatment of various neoplasms, MTD drug
therapy is associated with significant morbidity such as
myelosuppression, neurotoxicity and damage to the gut mu-
cosa and hair follicles. Treating cancer with cytotoxic drugs is
also limited by the inherent genetic instability of cancerous
cells, which results in the expansion of drug-resistant cancer
mutants and the acquired resistance to chemotherapeutic
agents. As such, future advances in the pharmacological treat-
ment of cancer will require an alternative strategy for targeting
this group of more than 200 diseases (Table 1).

Metronomic Chemotherapy
Over the past decade, a new paradigm has emerged in the
pharmacological treatment of neoplastic disease termed “met-

ronomic chemotherapy,” which involves the frequent admin-
istration of chemotherapeutic drugs at concentrations 3—10
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Table 1 Examples of primary targets of chemotherapeutic approaches

Malignant | Endothelial Immune regulators Immune
cells cells MDSCs | Tregs | regDCs | effectors
Conventional
chemotherapy ° ° ° ov ° °
Metronomic chemotherapy o
Low-dose chemotherapy o A oOv ov 0 A
Ultra low-dose
chemotherapy A A4 ? v A
(Chemomodulation)

Chemotherapeutic approaches were grouped based on the reported doses in relation to Maximum Tolerated Dose (MTD). Conventional chemotherapy, ~MTD;
Metronomic chemotherapy, repeated ~1/3-1/5 MTD; Low-dose chemotherapy, single or short-term ~1/3—1/10 MTD; Chemomodulation, ~1/10-1/30 MTD.
Symbols: Q, cell death; ¥, functional down-regulation; A, functional up-regulation; A, increased immunogenicity; ?, unproven effects

times below the established MTD without breaks in dosing
schedule for prolonged periods of time. For example, by using
a dosing schedule of cyclophosphamide in the murine lung
cancer and leukemia models that provided more sustained
apoptosis of endothelial cells within the vascular bed of a
tumor, it was shown that a chemotherapeutic agent can more
effectively control tumor growth in mice, regardless of
whether the tumor cells are drug resistant [3]. In the
neuroblastoma xenograft model, continuous treatment
with low doses of vinblastine resulted in significant
xenograft regression, diminished tumor vascularity and
direct inhibition of angiogenesis [4].

Such metronomic drug regimens offer the possibility to
provide significant relief of the burden of disease while
avoiding the significant morbidity encountered with higher
dosing. The potential of metronomic chemotherapy was re-
vealed in animal models and the efficacy of this approach has
been confirmed in the clinic [5]. Although phase III evidence
of the efficacy of this type of therapy is still several years
away, evidence from phase II trials suggests that metronomic
chemotherapy as an interesting alternative for either primary
systemic therapy or maintenance therapy is safe and can be
clinically beneficial in a broad range of tumors [6]. As op-
posed to targeting rapidly-dividing tumor cells with MTD
therapy, metronomic therapy regimens primarily exert their
effects on the vascular endothelial cells of the tumor, which
are more sensitive to low concentrations of chemotherapeutic
drugs than normal host or tumor cells [7]. When combined
with angiogenesis inhibitors such as Bevacizumab (Avastin®,
a recombinant humanized monoclonal antibody that neutral-
izes the biological activity of human VEGF), metronomic
chemotherapy may have significant clinical utility even in
drug-resistant cancers [8]. However, it is important to note
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that tumor endothelial cells (TEC) quite differ from normal
endothelial cells in many parameters, including cell prolifera-
tion, migration, gene profile and responses to growth factors
and several chemotherapeutic drugs [9]. TEC may be genet-
ically abnormal and might acquire drug resistance. For in-
stance, TEC have been shown to be resistance to paclitaxel
through greater mRNA expression of multidrug resistance 1,
which encodes P-glycoprotein, as compared with normal en-
dothelial cells [10]. Interestingly, high levels of vascular en-
dothelial growth factor in the tumor microenvironment may
be responsible for upregulated P-glycoprotein expression and
the acquisition of drug resistance by TEC in the tumor milieu.

Low Dose Chemotherapy

More recently, there has been increasing interest in the appli-
cation of traditional chemotherapeutic agents for the purpose
of manipulating the immune system to produce favorable
antitumor immune responses using low-dose chemother-
apy (“immunogenic” chemotherapy) [11] or even ultra-
low doses of chemotherapeutic agents, a term coined
“chemoimmunomodulation” [2]. It is clear that there is sig-
nificant interaction between chemotherapeutic drugs, dying
tumor cells, and local immune cells that have various effects
on tumor immunogenicity, and many of these effects have
been previously described using traditional, MTD drug regi-
men strategies [12]. These include both immunogenic effects,
such as paclitaxel and doxorubicin enhancing antigen-specific
Thl immune responses and tumorigenic effects such as
prolonged T cell and B cell depletion [13, 14]. However,
recent observations suggest that low and ultra-low doses of
these drugs may also exert profound effects on tumor
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immunogenicity. Such a strategy has the dual benefits of
utilizing readily-available pharmacological agents at doses
not large enough to induce significant morbidity while
allowing for the potential to overcome some of the barriers
to successful implementation of tumor immunotherapy, such
as tumor-induced systemic and local immunosuppression that
allows for immune escape [15]. For instance, it has been
recently reported that while being effective as a chemothera-
peutic agent, paclitaxel (Taxol) in high doses is neurotoxic,
specifically targeting sensory innervations. However, low
doses of paclitaxel are devoid of neuronal toxicity and thus
can be safely used in a chemomodulation mode [16].
While the possible applications and mechanisms in-
volved with using common chemotherapeutic drugs in
low and ultra-low doses to produce favorable immuno-
genic effects have only recently begun to be described,
here we briefly review the current state of this field.

Enhancement of Antigen-Presentation
by Chemotherapeutic Drugs

Several studies have demonstrated that various antineoplastic
drugs can indirectly activate local antigen presenting cells and
increase the immunogenicity of the tumor. For example,
anthracyclines and oxaliplatin exert pro-immunogenic prop-
erties by increasing preapoptotic translocation of calreticulin
on the tumor cell surface, causing post-apoptotic release of the
chromatin-binding protein high-mobility group Bl
(HMGBI1), and increasing extracellular release of adenosine
triphosphate (ATP). These molecules act in concert to promote
presentation of tumor antigens by dendritic cells (DCs)
through activation of CD91, Toll-like receptor (TLR)-4, and
purinergic P2 receptors [17—19]. Therefore, many chemother-
apeutic agents (mitoxantrone, anthracyclines, oxaliplatin, and
cyclophosphamide) are categorized as type I immunogenic
cell death (ICD) inducers that primarily target cytosolic pro-
teins, plasma membranes, or nucleic proteins [20]. Surface
exposure of intracellular chaperones such as calreticulin, heat-
shock protein 90 (HSP90) and HSP70 is crucial for the im-
munogenicity of dying cancer cells [21]. These chaperones
have been reported to bind to various receptors on immune
cells, like CD91 and certain scavenger receptors [21]. Pre-
apoptotic calreticulin seems to be an important mediator of
dying cell’s immunogenicity, by acting as a potent pre-
apoptotic ‘eat me’ signal that assists in phagocytic uptake of
dying cancer cells [22]. Moreover, calreticulin can incite the
production of both IL-6 and TNF-« from DCs and facilitate
Th17 polarization [23]. Similarly, HSP90 has been demon-
strated to be a crucial mediator of immunogenicity [24].
During anti-cancer DC vaccination based on immunogenic
cell death, HSP90 correlates well with the ability of patients to
respond to vaccination [25]. The role of HSP70 in

immunogenic cell death has not been strongly elucidated;
however, HSP70 might favor nitric oxide (NO) production
from innate immune cells [21, 25]. In terms of capacity to
mediate phagocytosis of dying cells, the presence of
calreticulin correlates better with increased phagocytosis of
dying cancer cells than either HSP70/90 [26]. Furthermore,
unlike the release of HMGB1 and ATP, calreticulin could be
one of the determinants that distinguish between immunogen-
ic and non-immunogenic cell death [17].

Recently, it has been shown that exposure of DCs to low
doses of several classes of chemotherapeutic agents may also
exert direct effects on their function. When administered in
low concentrations, the antimicrotubule drug vinblastine has
been demonstrated to induce the phenotypic and functional
maturation of both human and murine DCs by increasing
expression of the costimulatory molecules CD40, CD80 and
CD86, as well as MHCII, IL-1 and IL-6, significantly aug-
menting their capacity to stimulate T cells [27]. It has also
been shown that the antineoplastic chemotherapy drugs pac-
litaxel, doxorubicin, mitomycin C and methotrexate enhance
the ability of DCs to present antigen to antigen-specific T cells
when given in ultra-low, non-cytotoxic concentrations [28].
This ability to augment DC antigen presentation was shown to
be mediated by autocrine or paracrine IL-12 signaling, as DCs
from IL-12 knockout mice did not display this increased
ability to activate T cells. It also appears that paclitaxel,
methotrexate and doxorubicin given in ultra-low, non-
cytotoxic concentrations may also directly augment the
phagocytic ability of DCs in vitro by regulating the activity
of the small Rho GTPases Rac1/2, RhoA and RhoE in murine
DCs [29]. While many of the mechanisms involved in altering
antigen processing and presentation are only beginning to be
described, it is clear that common antineoplastic agents can be
utilized in clinically-relevant ways that do not rely on their
traditional cytotoxic or cytostatic mechanisms.

Several pre-clinical human studies have confirmed the
effects of low-dose chemotherapeutic agents on the immune
system reported in mice. For example, the effects of ultra-low
noncytotoxic concentrations of different classes of chemother-
apeutic agents on human DCs in vitro have recently been
characterized [30]. DCs treated with antimicrotubule agents
vincristine, vinblastine and paclitaxel or with antimetabolites
5-aza-2-deoxycytidine and methotrexate showed increased
expression of CD83 and CD40 molecules. Expression of
CD80 on DCs was also stimulated by vinblastine, paclitaxel,
azacytidine, methotrexate and mitomycin C used in extra low,
nontoxic concentrations. Furthermore, 5-aza-2-deoxycytidine,
methotrexate and mitomycin C increased the ability of human
DCs to stimulate the proliferation of allogeneic T lympho-
cytes. Thus, these data demonstrate that in ultra-low
noncytotoxic concentrations chemotherapeutic agents do not
induce apoptosis of human DCs, but directly enhance DC
maturation and function. The authors concluded that
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modulation of human DCs by noncytotoxic concentrations of
antineoplastic drugs, i.e. chemomodulation, might represent a
novel approach for up-regulating the functional activity
of resident DCs in the tumor microenvironment or im-
proving the efficacy of DCs prepared ex vivo for sub-
sequent vaccinations [30].

Of special interest is the fact that certain chemotherapeutic
drugs might also alter the immunogenicity of tumor cells
when used in ultra-low noncytotoxic concentrations. Recent-
ly, Kaneno et al. reported that the treatment of human tumor
cell lines with ultra-low noncytotoxic concentrations of pacli-
taxel and doxorubicin did not induce cell death, but instead
changed the immunogenicity of tumor cells by increasing
expression of genes and proteins associated with antigen
processing, including calmodulin, LMP2, LMP7, TAP1 and
tapasin [31]. The biological significance of the modulation of
antigen processing and presentation proteins in tumor cells by
ultra-low nontoxic concentrations of chemotherapeutic drugs
was revealed when non-treated and treated tumor cells were
used as a source of tumor antigens for the generation of tumor-
specific cytotoxic T cells (CTLs) in vitro. The results demon-
strated that (i) DCs that engulf tumor cells pretreated with
noncytotoxic concentrations of chemotherapeutic agents in-
duced CTLs with a higher cytotoxic potential than DCs loaded
with non-treated tumor cells, and (ii) CTLs induced by tumor
lysate-pulsed DCs killed live tumor cells more efficiently if
these tumor cells were pretreated with extra low noncytotoxic
concentrations of chemotherapeutic drugs [31]. These results,
thus demonstrate that chemomodulation of human tumor cells
with noncytotoxic concentrations of chemotherapeutic agents
increases tumor immunogenicity and results in the generation
of more efficient DC vaccines and CTLs, which can be used
for cell-based anticancer immunotherapies.

Low-dose chemotherapy may also favorably alter the tu-
mor microenvironment to enhance the migration and the
antitumor function of infiltrating DCs. Zhong et al. reported
that administration of a single dose of low-dose paclitaxel
resulted in increased local expression of monocyte
chemoattractant protein 1 (MCP-1) at the tumor site [32]. With
co-administration of low-dose paclitaxel followed by a DC
vaccine, increases in both MCP-1 and IFN-inducible protein
10 (ID-10), as well as a decrease in IL-1 were observed at the
tumor site, which was associated with significant inhibition of
tumor growth. Importantly, this study showed that this pre-
treatment with low-dose paclitaxel also abrogated the ability
of the tumor environment to arrest the DCs in an immature
state and allowed for their activation of tumor-specific T cells,
as measured by IFN-y production.

Increased development of tumor antigen-specific immunity
by ultra-low doses of chemotherapeutic agents in vivo has
been recently reported. For example, the effect of paclitaxel
applied in ultra-low, non-cytotoxic doses (3 weekly injections)
on the efficiency of immunization with the peptide derived
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from tyrosinase related protein (TRP)-2 as a model melanoma
antigen was assessed in mice [33]. Using an IFN-y ELISPOT
assay, it was found that administration of 1 mg paclitaxel/’kg in
combination with the peptide vaccination strongly increased
the frequencies of TRP-2 specific T cells as compared to levels
due to the vaccination alone. This was associated with a
significant decrease in the levels of Treg cells and immature
myeloid cells. Such impairments of potential immunosuppres-
sive cells were found to correlate with a strong increase in the
amount of effector CD8+ and CD4+ T cells. Furthermore, in
paclitaxel-treated mice, a significant augmentation of NK cell
numbers and their ability to produce IFN-y were observed. In
addition, the level of NKT cells was also increased [33]. These
data suggest that paclitaxel applied in ultra-low, non-cytotoxic
doses may potentially enhance the efficacy of antitumor vac-
cinations by neutralizing immunosuppressive Treg and
MDSC populations and stimulating immune effectors.

Treg/MDSC Modulation by Chemotherapeutic Drugs

One of primary key mechanisms by which tumors escape
immune surveillance is by the local accumulation of suppres-
sor T cells in the tumor microenvironment. This heteroge-
neous population includes cells from both the CD4+ and
CD8+ T cell compartments, although the most prominent cell
type is CD4+ and uniquely expresses the forkhead transcrip-
tion factor FoxP3 and are known as regulatory T (Treg) cells
[34]. These Tregs may be recruited to the tumor site or
induced locally by tumor factors and exert potent immuno-
suppressive effects through copious production of IL-10
and transforming growth factor-3 (TGF-3) leading to
poor antitumor immune responses [35-37]. There is great
interest in abrogating the immunosuppressive effects of
these cells, as it has been shown that depletion of Treg
cells has the potential to restore antitumor immunity and
prevent tumor development [38, 39].

There is evidence to suggest that immunosuppressive Treg
cells may be susceptible to traditional antineoplastic pharma-
cological agents when given in low doses. For instance, in rat
glioma model, low-dose temozolomide metronomic regimens
induced marked decrease of Treg cells in the spleen and tumor
mass, while high-dose temozolomide regimen did not signif-
icantly modify the percentage of Tregs [40]. Interestingly,
although the treatment with metronomic temozolomide
reduced tumor progression when compared to untreated
animals, the effect did not reach statistical significance,
indicating that Treg depletion alone is not sufficient to
significantly impact tumor growth in the used model of
fully established tumor.

A single administration of cyclophosphamide depletes
CD4+CD25+ T cells in tumor-bearing animals could delay
tumor growth and cure rats bearing established tumors when
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followed by an immunotherapy, which had no curative effect
when administered alone [41]. It was also established that
low-dose cyclophosphamide not only decreased cell number
but led to decreased functionality of Treg cells: cyclophos-
phamide treatment enhanced apoptosis and decreased homeo-
static proliferation of these cells [42]. Expression of GITR and
FoxP3, which are involved in the suppressive activity of
Tregs, was down-regulated after cyclophosphamide adminis-
tration, though the level of expression varied depending on the
time studied. Others reported that the cyclophosphamide-
mediated inhibition of inducible nitric oxide synthase was
directly linked to its immunostimulatory effects [43]. Kan
et al., have demonstrated that cyclophosphamide and
gemcitabine at low concentrations is able to preferentially
reduce the induction and viability of human CD4+FoxP3+
Treg cells without affecting the viability of total CD4+ T cells
in vitro [44]. This is consistent with an in vivo study by Di
Paolo et al. that showed that low-dose cyclophosphamide in a
murine model results in a decreased number of tumor-
infiltrating Treg cells [45]. Similar effects of the preferential
deletion of Treg cells have been observed in cancer patients
receiving gemcitabine. Rettig et al. have reported that admin-
istration of gemcitabine results in a significant reduction of the
proportion FoxP3+ Treg cells within the CD4+ T cell com-
partment, producing a transient hyperimmunoactive state
[46]. While this particular study utilized gemcitabine at
standard therapeutic concentrations, it does suggest that
Treg cells are preferentially susceptible to chemotherapy
and warrants further study into their susceptibility to the
drug at low-dose concentrations.

In addition to CD4+FoxP3+ Treg cells, another means by
which the tumor microenvironment acquires an immunosup-
pressive state is through the activity of a heterogenous group
of cells of the myeloid lineage known as myeloid-derived
suppressor cells (MDSCs). MDSCs represent a group of both
granulocytic and monocytic cells whose physiological matu-
ration is arrested by factors in the tumor microenvironment
and acquire an immunosuppressive phenotype through medi-
ators such as iNOS, arginase 1, cyclooxygenase-2, prostaglan-
din E2, TGF-f3, IL-10 and the induction of Treg cells [47].
There has been great interest in MDSCs as a therapeutic target
in order to allow for increased antitumor immunity, such as
with attempts to promote their differentiation or inhibit their
immunosuppressive function [48, 49]. Similar to efforts uti-
lizing low-dose chemotherapy for the depletion of Treg cells,
there have been several recent studies characterizing the ef-
fects of antineoplastic drugs on MDSCs with varying conclu-
sions [50]. A recent study by Sevko et al. showed that utili-
zation of low-dose cyclophosphamide therapy may actually
be detrimental to the establishment of antitumor immunity in
melanoma [51]. Although they observed that cyclophospha-
mide therapy resulted in the preferential deletion of Treg cells,
similar to previous studies, this therapy also enhanced the

production of chronic inflammatory mediators by melanoma
cells associated with an accumulation of Grl+CDI11b+
MDSCs. However, in a similar study of murine colon cancer,
the ability of low-dose cyclophosphamide to promote MDSC
expansion was reversed when low-dose gemcitabine was
concurrently administered, resulting in reduced levels of
MDSCs and potent antitumor immune responses [52]. This
is consistent with a study by Suzuki et al. demonstrating that
gemcitabine (a single dose of 120 mg/kg) can selectively
eliminate Gr1+CD11b+MDSCs in tumor-bearing mice [53].
Similar success in selectively targeting MDSCs has been
achieved with a single administration of the pyrimidine analog
S-fluorouracil [54].

Importantly, the antitumor efficacy of ultra-low dose pac-
litaxel was recently revealed in the murine model of sponta-
neous melanoma, which mimics human cutaneous melanoma
[55]. Administration of paclitaxel (three weekly injections)
significantly decreased accumulation and immunosuppressive
activities of tumor-infiltrating MDSCs associated with the
inhibition of p38 MAPK activity, TNF-« production and
S100A9 expression in MDSCs. Importantly, reduced tumor
burden and increased animal survival upon paclitaxel injec-
tion was mediated by the restoration of CD8+ T cell effector
functions [55]. This suggests that the ability of paclitaxel in
ultra-low noncytotoxic dose to block the immunosuppressive
potential of MDSCs in vivo represents a new therapeutic
strategy to down-regulate immunosuppression in the tumor
microenvironment for enhancing the efficacy of concomitant
anticancer therapies. Using an in vitro model system, several
potential mechanisms of the direct effect of paclitaxel on
MDSCs were tested, which might be responsible for the
antitumor potential of low-dose paclitaxel therapy in mice
[56]. 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 gen-
eration, but stimulated MDSC differentiation towards DCs.

It is also important to mention that some chemotherapeutic
agents, e.g., paclitaxel, have been reported to prevent polari-
zation of conventional DCs into immunosuppressive regula-
tory DCs (regDCs). Based on the phenotypic and functional
analysis of DCs, it was shown that paclitaxel blocked cDCs—
regDCs polarization in mice when used in extra low doses
in vivo or extra low concentrations in vitro [57-59]. These
new data not only revealed an important tumor supporting
function of immunosuppressive/tolerogenic DCs in can-
cer, but demonstrated that regDCs could be successfully
targeted by noncytotoxic noncytostatic doses of chemo-
therapeutic drugs.

Together, these results support a new concept that certain
chemotherapeutic agents in ultra-low noncytotoxic doses may
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suppress tumor progression by targeting several immune reg-
ulatory cell populations in the tumor microenvironment, in-
cluding MDSCs, regDCs and Treg cells. Thus, low-dose
chemotherapy/chemomodulation is a promising strategy to
rescue the tumor immunoenvironment from the tumorigenic
conditions imposed by various immunosuppressive cell types
and restore immunity.

Elevation of Cellular Cytotoxicity by Chemotherapeutic
Drugs

There is considerable evidence that effective antitumor immu-
nity can be established with a T helper type 1 (Th1) and CD8+
cytotoxic T cells and that these effector cells are strongly
associated with increased patient survival in several human
tumors [60—62]. As such, many of the efforts at designing
tumor immunotherapies have focused on the expansion or
activation of these cell types, but unfortunately, with a very
few exceptions (e.g., CAR-modification T cells), these have
thus far been met with limited success. However, it has been
demonstrated that there may also be utility in using low
doses of various chemotherapeutic drugs to enhance the
effects of the various immunotherapy strategies that are
currently being considered.

In a study using recombinant lentiviruses (rLVs) to induce
antigen-specific T cells to tumor antigens, Sierro et al. showed
that despite being able to prime larger numbers of tumor-
specific T cells by utilizing rLV, they were unable to mount
an immunogenic response in a murine model. However, low-
dose cyclophosphamide given to the mice was able to enhance
rLV vaccine efficacy and antitumor immunity [63]. Similarly,
the combination of low-dose 5-fluorouracil with an adenoviral
based tumor vaccine was shown to provide a synergistic
improvement in survival in a murine model [64]. In using a
different approach to harness T cell based immunity, Li et al.
have also demonstrated in a study using bispecific antibodies
to recruit T cells to antibody-target-specific tumor cells that T
cell cytotoxicity is enhanced both in vitro and in vivo with the
administration of low concentrations of cytarabine [65]. These
T cells were found to express higher levels of CD25 and CD69
and released an increased level of IL-2.

There may also be a role for low doses of common che-
motherapeutic drugs in enhancing the cytotoxic activity of
other effector immune cells, such as NK cells or yoT cells. It
has been shown that human myeloma cells treated with low
concentrations of doxorubicin or melphalan increase their
expression of NKG2D and DNAM-1 ligands, leading to in-
creased NK cell degranulation [66]. In a recent study aimed at
targeting colon “cancer stem cells” (CSCs), low concentra-
tions of 5-fluorouracil and doxorubicin were able to sensitize
cancer stem cells to cytotoxic killing by Vy9Vé2 T cells
in vitro, an effect mediated by the TRAIL apoptotic pathway
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[67]. These results may be especially significant due to the
well-described resistance of CSCs to both radio- and chemo-
therapy, suggesting that low-dose chemotherapy combined
with y8T cell-based therapy may hold potential as a
clinically-effective means to overcome the limitations of
targeting CSCs with conventional treatment modalities.

Conclusions

Both the direct and indirect effects of traditional chemothera-
peutic drugs given in standard, MTD concentrations on the
immune system and tumor environment have been well de-
scribed. However, recent research efforts present compelling
evidence that suggests that these same drugs given in low or
ultra-low doses may also hold clinical utility through their
ability to promote antitumor immunity [2]. If successful,
employing these drugs in such a manner would allow for
prevention of the significant morbidity associated with current
chemotherapy regimens as well as potentially abrogate the
potential for the development of tumor resistance. Moreover,
the availability and established safety profiles of these drugs
would allow for rapid translation into clinical practice. How-
ever, although anticancer efficacy of conventional chemother-
apies seems to be due, in part, to augmentation of the
host immune reactivity, a comprehensive analysis of
immunomodulating activities of chemotherapeutic agents is
still required: a new study recently revealed that two common
chemotherapeutic agents, gemcitabine and 5-fluorouracil,
could also activate immune regulatory cells, which stim-
ulated the emergence of protumorigenic cytokines via
inflammasome pathways, limiting the antitumor efficacy of
the drugs [68]. The results of these studies have revealed that
gemcitabine and 5-fluorouracil, in addition to depleting im-
munosuppressive MDSCs, also induce the release of cathep-
sin B from lysosomes and the activation of the NLRP3
inflammasome and caspase-1, which causes IL-1(3 secretion
from MDSCs, resulting in IL-17 production by T cells and
promotion of tumor growth. The importance of these new data
is in providing, probably for the first time, a mechanism-
based, rather than empirical, rationale for combination of
specific chemotherapeutic agents with specific immunothera-
peutic approaches for cancer treatment: IL-1 receptor
antagonist was shown to enhance the antitumor effect
of 5-fluorouracil [69]. Finally, while the concept of
chemoimmunomodulation using ultra-low doses of various
antineoplastic drugs remains in its infancy, and many of the
mechanisms of their action remain to be described, there is
compelling experimental evidence that several classes of che-
motherapeutic drugs administered in extra low concentrations
have effects on several aspects of the immune system relevant
to tumor immune surveillance and therapy.
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