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A B S T R A C T

Since the early clinical studies of cancer immunotherapy, the question arose as towhether it

was possible to combine it with standard cancer treatments, mostly chemotherapy. The an-

swer, now, is past history. The combined use of immunotherapy and chemotherapy is not

only possible but, in certain cases, can be advantageous, depending on the drug, the dose

and the combinationmodalities. In order to find the best synergisms between the two treat-

ments and to turn weak immunotherapeutic interventions into potent anticancer instru-

ments, it is mandatory to understand the complex mechanisms responsible for the

positive interactions between chemotherapy and immunotherapy. In this article, we review

the current knowledge on mechanisms involved in the immunostimulating activity of che-

motherapy and summarize the main studies in both mouse models and patients aimed at

exploiting such mechanisms for enhancing the response to cancer immunotherapy.
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Published by Elsevier B.V. All rights reserved.
1. Introduction vaccines (Emens, 2010; Moschella et al., 2010; Sistigu et al.,
Recently, a renewed interest has been focused on combining

chemotherapy with immunotherapy for the treatment of can-

cer patients. Such interest is mostly explained by the discov-

ery of new effects of certain chemotherapeutic agents,

which suggest novel rationales for a different and selected

use in combination with immunotherapy, including cancer
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The history of pharmacology is scattered by the discovery of

drugs whose therapeutic use changed from time to time. Anti-

cancer drugs are no exception. The first studies on the toxic ef-

fect of mustard gas (sulfur mustards), chemical compounds

used as poisoning gas during WorldWar I, led to the discovery

of their anticarcinogenic activity in experimental models
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(Berenblum, 1929). The results obtained byBerenblumwereun-

expected and suggested the first “repositioning” of the activity

of this class of compounds. The anticancer activity of mustard

gas derivatives was definitely proved after the so called “Disas-

ter at Bari”, the only European city to experience an accidental

chemical warfare in the course of World War II (Disaster at

Bari by Glenn B. Infield). Studies performed by Goodman and

Philips, including observations on the casualties produced in

Bari harbor by the explosion of the Liberty ship John Harvey,

which was carrying mustard gas, were published after war

time (Gilman and Philips, 1946), demonstrating that these com-

poundscouldexert cytotoxicactionsonavarietyof tissues,par-

ticularly related to the degree of their proliferative activity.

Many studies have been subsequently conducted leading to

thediscoveryofother typesof alkylatingagents,manyofwhich

are in clinical practice today. Cyclophosphamide (CTX)was the

major drug under experimental and clinical investigation

(Comparative clinical andbiological effects ofalkylatingagents.

Monographof theNewAcademyof Sciences; 1958).Many other

chemical compounds were added to the antineoplastic drugs

armamentarium over the years, all having the goal of directly

and selectively interfering with the growth of malignant cells.

Most of these compounds are not, however, devoid of side ef-

fects, amongwhich themost significant are themyelo- and im-

munosuppressive activities. Because of these side effects,

which impair the proliferative and effector functions of periph-

eral T cells, CTX and methotrexate are currently used for the

treatmentofmanyautoimmunediseases, and for the samerea-

son they have beenhistorically regardedas detrimental to anti-

tumor immunity. This dogma was challenged at the beginning

of the 1970s suggesting a second repositioning of the pharma-

cologic activity of these compounds (Maguire and Ettore, 1967;

Vadlamudi et al., 1971). Several authors subsequently showed

that combination therapy consisting of CTX and adoptive im-

munotherapy induced complete regression of experimental

large tumors (Cheever et al., 1980; Greenberg et al., 1980;

North, 1982). Noticeably, Robert North described the toxic
Figure 1 e Selected reports highlighting the mechanisms whereby cyclophos

animal models and patients.
effect of CTX against a T lymphocyte subpopulation endowed

with immune suppressive activity (North, 1982). North’s

studies were particularly far-sighted as he envisaged both the

presence of a T cell population, which will be later character-

ized as CD4þCD25þ regulatory T cells (Treg) (Sakaguchi et al.,

1995), and theselectivesensitivityof thispopulation to the toxic

effect of CTX, as recently proved by Ghiringhelli et al. (2004).

Following the way paved by North, the combination of CTX

and adoptive immunotherapy has been tested in several ex-

perimental settings to revert tumor-induced tolerance for

cancer treatment. The first results were extremely encourag-

ing and made it possible to turn the adoptive transfer of

tumor-immune lymphocytes (which was barely effective)

into a highly efficient tool to eradicate developing tumors in

animal models first (Greenberg et al., 1985; Rosenberg et al.,

1986; Proietti et al., 1998) and in melanoma patients later

(Rosenberg et al., 2011).

In the following years, several reports have shown that,

depending on the dosage and timing of administration, other

chemotherapeutic drugs as well as irradiation (Dummer et al.,

2002) can display either immunosuppressive or immunopo-

tentiating effects and can augment the antitumor efficacy of

adoptive and active immunotherapy. In particular, along

with CTX, doxorubicin, docetaxel and paclitaxel were shown

to augment the activity of tumor vaccines in HER-2/neu toler-

izedmice (Machiels et al., 2001) aswell as in established tumor

models (Chopra et al., 2006; Chu et al., 2006). Of note, the co-

administration of CTX and paclitaxel was shown to synergize

to further slow tumor growth (Pfannenstiel et al., 2010).

Themainmilestones in combining chemotherapywith im-

munotherapy on the basis of the identification of multiple bi-

ologic effects of anticancer drugs are depicted in Figure 1.

In the present article, we review the current knowledge on

mechanisms involved in the immunostimulating activity of

chemotherapy and summarize the main studies in both

mouse models and patients aimed at exploiting such mecha-

nisms for enhancing the response to cancer immunotherapy.
phamide (CTX) enhances the antitumor efficacy of immunotherapy in
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Taking into account the most recently described effects of

chemotherapy on cells of the immune system and data ob-

tained in animal models and clinical trials; we discuss some

new perspectives for combining certain chemotherapeutic

agents with immunotherapy, which may lead to a prolonged

antitumor response in patients and to new opportunities for

the development of effective therapeutic cancer vaccines.
2. Mechanisms involved in the immunostimulating
activity of certain chemotherapeutic drugs

Initially, the first experimental models were preferentially

based on the use of CTX as chemotherapeutic agent and the

adoptive cell transfer (ACT) of lymphocytes endowed with

specific antitumor activity as immunotherapeutic strategy

(Rosenberg et al., 1986; Proietti et al., 1998; Vierboom et al.,

2000). Although a simple vaccination of naive mice with a tu-

mor cell lysate was inmost cases able to prevent the growth of

a subsequently implanted related tumor, thus demonstrating

the development of specific tumor immunity, the transfer of

spleen cells from immunized mice to mice bearing an estab-

lished related tumor was totally ineffective unless mice were

treated with one dose of CTX just before splenocyte infusion

(Proietti et al., 1998). This simple model of adoptive immune

cell transfer has allowed the demonstration of several key

concepts: i) passively transferred antitumor immunity could

not expand and become effective in a tumor-bearing host

without CTX pre-treatment; ii) CTX did not synergize with

ACT by simply reducing tumor burden. In fact, the simulation

of tumor burden reduction, leaving a reduced number of tu-

mor cells together with cell debris was not as effective as

the treatment with CTX in association with ACT (Proietti

et al., 1998); iii) three elements were essential to induce an ef-

fective antitumor response: lymphocytes with antitumor

specificity, CTX and tumor antigens (Figure 2); and, iv) CTX
Figure 2 e Illustration of the elements responsible for an effective antitum

tumor-immune lymphocytes (ACT) and tumor lysate (Ag) must be combine

interval necessary to mature an effective antitumor response to reject tumor (

(Proietti et al., 1998).
could be effective only if administered before ACT in a well-

defined time window (Moschella et al., 2011).

A great deal of work has been done in recent years to

elucidate the mechanisms responsible for the phenomena

described above, whose ensemble can be summarized in three

working hypotheses: the “subtractive” hypothesis that takes

into account primarily the selective toxic effect of chemother-

apy on cells responsible for the immunosuppressive activity;

the “immunogenic” hypothesis that highlights the ability of

some chemotherapeutic agents to increase the immunogenic-

ity of tumor cells; and, the “propulsive” hypothesis that

considers the homeostatic reaction of the body to the toxic

effect of chemotherapy (Figure 3).

2.1. The subtractive hypothesis

Lymphodepletion, produced by different chemotherapeutic

agents or by radiotherapy, has been considered the key event

to facilitate the success of immunotherapeutic strategies

against cancer. Actually, lymphodepletion can act through

the contribution of different mechanisms. When therapeutic

strategies of ACT are used, lymphodepletion makes room for

the transferred tumor-immune cells (Maine and Mule, 2002).

Indeed, a lymphodepleted host can easily accept syngeneic

lymphocyte transfusion. Transfused cells will find a reduced

competition with resident cells for the available “resources”

(Freitas et al., 1996). Endogenous cellular elements acting as

sinks for cytokines are decreased and cytokines become

more available to the needs of the adoptively transferred cells

(Gattinoni et al., 2005a). Nonetheless, the reduction of immu-

nosuppressive T lymphocytes has been considered, up to now,

the leading mechanism by which chemotherapy unleashes

and potentiates the antitumor immunity. The idea that pro-

gressive tumors can escape immune recognition and destruc-

tion, by actively establishing an immune tolerance involving

immunosuppressive T lymphocytes, stemmed from the

works of North’s group in the 1980s (Berendt and North,
or immune response: cyclophosphamide (CTX), adoptive transfer of

d to reject a subsequent tumor challenge (panel a). Six days is the time

panel b). The detailed results of the experiment are reported elsewhere

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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Figure 3 e Illustration of the 3 main working hypotheses on the mechanisms of the positive interaction between chemotherapy and

immunotherapy.
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1980). North also described the selective toxic activity of CTX

against “immunosuppressive T lymphocytes cells” (North,

1982), which have been later characterized as a CD4þ T cell

subset expressing CD25, the a-chain of the interleukin (IL)-2

receptor (Jonuleit et al., 2001; Sakaguchi et al., 1995;

Stephens and Mason, 2000).

CD4þCD25þ Treg represent 5e10% of the peripheral T lym-

phocyte pool in mice and humans, and are essential to limit

the normal immune responses and prevent autoimmunity

(Zou, 2006). Treg express CTLA-4, GITR, and FoxP3 and inhibit

CD8þ T cell responses in an IL-2-dependent manner through

either direct cellecell contact or by IL-10 or TGF-b secretion.

Treg have been shown to suppress antitumor immune re-

sponses and accumulate in the peripheral blood and tumor

microenvironment of patients with different types of cancer

(Nizar et al., 2009).

Following North’s paths, many groups have shown in pre-

clinical models that treatment with low-dose CTX reduces

the number of CD4þCD25þ Treg, allowing tumor immunity to

develop (Ercolini et al., 2005; Ghiringhelli et al., 2004; Lutsiak

et al., 2005). Lateron,Ghiringhelli showedthatCTXnotonlyde-

pletedTreg in thebloodand lymphoid organsof tumor-bearing

animals, but also decreased the number of Treg infiltrating tu-

mor beds (Roux et al., 2008). Moreover, different authors dem-

onstrated a direct effect of CTX on Treg cells. Mafosfamide,

a CTX precursor, proved to be selective in vitro for T cells

expressing FoxP3, a Treg specific marker (Kasprowicz et al.,

2005). A single i.p. administration of CTX (100 mg/kg) directly

affected the expression levels of GITR and FoxP3, thus impair-

ing Treg functionality in addition to decreasing their numbers

(Lutsiak et al., 2005). Finally, since Tregs control NK-mediated

antitumor immunity (Ghiringhelli et al., 2006), CTX restores in-

nate killing activities both in mice (Terme et al., 2008) and in

humans (Ghiringhelli et al., 2007).

Fewer studies have been performed on the Treg cell deplet-

ing activity of other chemotherapeutic agents, but some

drugs, like paclitaxel in non-small cell lung cancer,
fludarabine in B cell chronic lymphocytic leukemia, gemcita-

bine and FOLFOX4 in metastatic colorectal carcinoma, have

been observed to produce a significant reduction of Tregs in

a relevant number of patients.

More controversial is the interaction between chemother-

apy and myeloid-derived suppressor cells (MDSC). These cells

markedly expand in both tumor-bearing mice and cancer pa-

tients and suppress T cell-mediated immune responses

through increased nitric oxide and arginase production

(Gabrilovich and Nagaraj, 2009). An increase in MDSC num-

bers was described in breast cancer patients treated with

dose dense doxorubicineCTX (Diaz-Montero et al., 2009). In

preclinical models, CTX was shown to induce the expansion

of MDSC in tumor-free mice (Salem et al., 2010), but in combi-

nation with IL-12 was able to decrease the number of MDSCs

in comparison to non-treated mice (Malvicini et al., 2011).

Conversely, standard dose gemcitabine and 5-Fluorouracil

can eliminate MDSC, thereby enhancing the activity of CD8þ

T cells and NK cells (Le et al., 2009; Vincent et al., 2010). Also

cisplatin, given prior to vaccination, can decrease levels of pe-

ripheral MDSC in tumor-bearing mice (Tseng et al., 2008).

2.2. The immunogenic hypothesis

Some chemotherapeutic agents are more efficient at inhibit-

ing the growth of established syngeneic tumors in immuno-

competent mice than in athymic littermates, demonstrating

that an intact immune system enhances the therapeutic effi-

cacy of conventional anticancer treatments (Apetoh et al.,

2007a). A growing body of evidence is indicating that the adap-

tive and innate immune systemsmake a decisive contribution

to the anticancer effects of conventional cancer treatments so

that the number of remaining cells (minimal residual disease)

may be kept in control.

The intervention of some chemotherapeutic drugs on the

immune system is substantially triggered by modulating the

expression of tumor antigens or influencing the expression

http://dx.doi.org/10.1016/j.molonc.2011.11.005
http://dx.doi.org/10.1016/j.molonc.2011.11.005
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of molecules that regulate antigen processing and presenta-

tion. The immunostimulating activity depends also on the

specific tumor.

In murine models of acute myelogenous leukemia as well

as in primary cultured human AML, cytosine arabinoside

(ara-C) increases the expression of B7-1 and B7-2 and de-

creases the expression of B7-H1, thus enhancing CD8þ T

cell-mediated killing (Vereecque et al., 2004). Melphalan and

mitomycin-C (Sojka et al., 2000) were also found to induce

the up-regulation of costimulatory B7 molecules in human

cancer cells. Five-fluorouracil (5-Fu) and dacarbazine can

in vitro sensitize melanoma cells to antigen-specific CTL lysis

through fas- or perforinegranzyme-mediated pathways

(Yang and Haluska, 2004). A single dose of CTX can suppress

mesothelioma growth in mice by sensitizing tumor cells to

TRAIL-dependent CD8þ T cell-mediated apoptosis (van der

Most et al., 2009).

Five-Fu can also enhance the expression of carcinoem-

bryonic antigen (CEA) in colon and breast carcinoma cells

(Correale et al., 2011), and 50-aza-20deoxycytidine can induce

the expression of a variety of cancer testis antigens and/or

upregulate cell surface MHC Class I expression in distinct tu-

mor cell lines (renal cell carcinoma, ovarian carcinoma, gli-

oma, and melanoma), rendering them more susceptible to

antigen-specific CD8þ T cell-mediated lysis (Adair and

Hogan, 2009; Coral et al., 2002; Fonsatti et al., 2007; Natsume

et al., 2008).

Paclitaxel, a drug belonging to the family of taxanes, was

found to alter the cytokine profile within the tumor site

in vivo, with increased monocyte chemotactic protein-1

(MCP-1) and chemokine (C-X-C motif) ligand-10 (IP-10) levels

and decreased levels of IL-1a. Thesemodulations seem to cor-

relate with a reduced inhibition of dendritic cells (DC)matura-

tion in vivo and enhanced numbers of tumor infiltrating CD4þ

and CD8þ T cells (Zhong et al., 2007). Paclitaxel, as well as cis-

platin and doxorubicin, can make tumor cells permeable to

granzyme B92, sensitizing them to T cell-mediated lysis

(Ramakrishnan et al., 2010).

A relevant body of evidence is now disclosing new mecha-

nisms bywhich chemotherapy can trigger anticancer immune

responses. In fact, apoptosis, which is considered a non-

inflammatory process to eliminate chemotherapy-injured

tumor cells, has been discovered to become, in some cases,

immunogenic through the translocation to cell surface of

calreticulin (CRT). In response to some cell death inducers,

and in particular anthracyclines and ionizing irradiation,

CRT can translocate from the lumen of the endoplasmic retic-

ulum to the surface of cells at an early pre-apoptotic stage

(Obeid et al., 2007b). As a consequence, when tumor cells are

treated for a few hours with anthracyclines and then injected

subcutaneously into mice, they become highly efficient in

inducing a specific DC and antitumor T cell response

(Casares et al., 2005). Cell surface expression of CRT greatly

enhances the uptake of dying tumor cells by DC. Importantly,

CRT is necessary, but not sufficient, for the immune response

induced by apoptosis.

Further studies have revealed that the alarmin high-

mobility group box 1 protein (HMGB1), a toll like receptor 4

(TLR4) ligand, is a nuclear protein that is released from

anthracyclin-treated dying cells during late-stage apoptosis.
Depletion of HMGB1 from dying tumor cells with siRNAs or

neutralization of HMGB1 with specific antibodies abolishes

the TLR4-dependent, DC-mediated presentation of antigens

from dying tumor cells in vitro and in vivo. Therefore, HMGB1

release is required for the immunogenicity of cell death

through its effect on TLR4.

In conclusion, CRT is essential for engulfment and subse-

quent DC maturation, whereas the HMGB1eTLR4 interaction

is required for optimal processing and presentation of tumor

antigens from the dying tumor cells to T lymphocytes

(Apetoh et al., 2007a). The clinical relevance of this pathway

is revealed by a TLR4 polymorphism leading to a single amino

acid substitution (asp299gly) in the TLR4 extracellular

domain. This polymorphism reduces the binding of HMGB1

to human TLR4 and inhibits HMGB1 mediated DC-T cell inter-

actions. A cohort of breast cancer patients with this polymor-

phism of TLR4 had a higher risk of disease relapse after

adjuvant treatment with anthracycline-based chemotherapy

(Apetoh et al., 2007b). Similar findings have been reported

for advanced colon cancer patients treated with oxaliplatin

(Tesniere et al., 2010). Lastly, another drug (i.e., CTX) proved

to induce CRT exposure in vivo and to increase tumor cell im-

munogenicity in murine models, thus joining the list of the

compounds inducing immunogenic apoptosis (Schiavoni

et al., 2011).
2.3. The propulsive hypothesis

For several years the rationale for combining chemotherapy

and immunotherapy was mostly based on the impairment

of Treg cell activity due to drug-mediated lymphopenia.

Indeed, although CTX depletes Tregs in vivo, some authors

have shown that these cells can repopulate the periphery

(Moschella et al., 2011; Powell et al., 2007), highlighting the

transient nature of this phenomenon and its possible limiting

importance for a potential impact on the effectiveness on im-

munotherapy treatments. Moreover, even in the genetic

absence of Treg cells, a lymphodepleting non-myeloablative

regimen substantially augmented CD8þ T cell reactivity to

self-tissue and tumor (Gattinoni et al., 2005b), thus suggesting

that other mechanisms concur in the enhancement of

immune responses by chemotherapy.

It is now well-known that lymphopenia is followed by

a spontaneous expansion of the remaining T cells in the pe-

riphery to restore the original T cell pool size and maintain

homeostasis (Mackall et al., 1997). It has not been fully eluci-

dated how our body can count blood cells; nevertheless,

immediately after chemotherapy-induced lymphodepletion,

the cell number rises over the baseline (Figure 4), a phenome-

non known as rebound overshoot, which correlates with

immune function recovery (Braun and Harris, 1981; Wu

et al., 2004; Zaragoza et al., 2011).

A very simple experiment, performed by our group in 1998,

gave a clear demonstration that lymphocyte proliferation is

driven by soluble factors produced in vivo by bone marrow

(BM) cells three days after CTX injection (Proietti et al., 1998)

(Figure 5). Of interest, the time of production of these factors

matched with the nadir of WBC count, right before homeo-

static proliferation recovers the WBC number.

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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Figure 4 e Cyclophosphamide (CTX)-induced rebound overshoot of

white blood cells after a single 100 mg/kg CTX injection of mice. The

detailed results of the experiment are reported elsewhere (Proietti

et al., 1998).
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The same mechanisms responsible for the rebound over-

shoot have been shown to act also on adoptively transferred

tumor-immune cells, inducing their proliferation, activation

and migration into secondary lymphoid organs and into the

tumor bed. The proliferation of adoptively transferred cells in-

volved both CD8þ T and B lymphocytes and correlated with el-

evated and sustained levels of tumor-specific serum

antibodies and increased frequency of tumor-specific IFN-g-

producing CD8þ T cells (Bracci et al., 2007). More recently,
Figure 5 e Demonstration of the release by bone marrow cells from cyclop

proliferation of tumor-immune lymphocytes in vitro. Bone marrow cells we

put in culture, without cell contact, with splenocytes deriving from mice v

were pulsed with 3H thimidine to measure cell proliferation induced by solu

achieved 3 days after in vivo CTX treatment. The detailed results of the e
the humoral immune response to an EGF-based cancer vac-

cine was proven to be significantly boosted by high-dose

CTX and doxorubicin (Montero et al., 2009).

Many studies have been carried out to characterize the dif-

ferent cell populations targeted by CTX-induced factors and

the immunopotentiating factors themselves.

The demonstration that the injection of anti-interferon a/b

(type I IFN) antibodies inhibited the antitumor efficacy of

chemo-immunotherapy suggested that type I IFN could be

induced by CTX and played an important role in the overall

antitumor response (Proietti et al., 1998). Subsequent studies

showed that type I IFN was indeed induced in vivo soon after

the administration of a single dose of CTX (100 mg/kg) and

that this cytokine was responsible for the expansion of

memory CD4þ and CD8þ T cells (Schiavoni et al., 2000). CTX-

induced IFN-a/b was also shown to mediate the restoration

of an activated polyfunctional helper phenotype in tumor-

specific adoptively transferred CD4þ T cells, thus preventing

a tumor-driven dysfunctional phenotype of effector T cells,

characterized by selective down-regulation of IL-7 receptor,

heightened apoptosis, and poor antitumor efficacy (Ding

et al., 2010).

More recently, CTX and type I IFN were demonstrated to

synergize through systemic DC reactivation (Schiavoni

et al., 2011). Interestingly, CTX-lymphodepleting activity

spared BM DC precursors, thus facilitating the recovery of

an immature DC pool in the periphery and modulating the

balance between DC subsets, leading to the preferential ex-

pansion of CD8aþ DC. The effects of CTX on DC homeosta-

sis, were shown to be mediated by endogenous type I IFN

(Schiavoni et al., 2011). These findings corroborated previ-

ous observations that CTX-induced lymphodepletion was

responsible for the marked expansion of immature DC in

peripheral blood during the rebound phase (Salem et al.,

2009, 2007).
hosphamide (CTX)-treated mice of soluble factors responsible for the

re harvested from mice at different times after CTX treatment (a) and

accinated against tumor antigens. (b). After several days, splenocytes

ble factor released by BM cells. Of note, the optimal proliferation was

xperiment are reported elsewhere (Proietti et al., 1998).

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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Further studies showed that CTX has a profound and selec-

tive cytotoxic activity on CD8þ resident DCs, known to con-

tribute to peripheral tolerance, but not on skin-derived

migratory DCs or plasmacytoid DCs in lymph nodes and

spleen, causing an imbalance among these DC subsets. CTX

treatment also increased the potency of DCs in antigen pre-

sentation and cytokine secretion (Nakahara et al., 2010).

Moreover, CTX was shown to induce a pre-apoptotic sur-

face translocation of CRT and the release of HMGB1 by tumor

cells, which represent a prerequisite for an adequate engulf-

ment of tumor apoptotic material and optimal CD8aþ T cell

cross priming by DC (Schiavoni et al., 2011).

As it was shown that acute IFN-a treatment promotes the

proliferation of dormant hematopoietic stem cells (HSCs)

in vivo, whereas chronic activation of the IFN-a pathway in

HSCs impairs their function (Essers et al., 2009), it is possible

to envisage that IFN-a, acutely induced by a single CTX admin-

istration, can mediate the proliferation of BM precursors as

well as the peripheral rebound overshoot. On the other

hand, the chronic exposure to chemotherapy would mediate

lymphodepletion and immunosuppression through persistent

IFN-a release.

A number of other chemotherapy drugs, including vinblas-

tine, methotrexate, mitomycin-C, vincristine, doxorubicin, 5-

aza-20-deoxycytidine and paclitaxel, have been reported to en-

hance DC maturation and functions (Kaneno et al., 2009;

Shurin et al., 2009).

In the attempt to further characterize the CTX-induced cy-

tokine milieu driving homeostatic proliferation and the

immunostimulatory effect on different cell populations, the

expression of a selected number of cytokine-encoding genes

was analyzed in the bone marrow of tumor-bearing mice at

different times after CTX treatment. Real-time PCR analysis

showed the early and transient induction of hematopoietic

growth factors, including GM-CSF and IL-1b. GM-CSF is known

to induce myelorestoration following chemotherapy-induced

myelosuppression (Dempke et al., 2000). Of note, also the tran-

script levels of IL-2 were augmented by CTX and the combina-

tion of IL-1b and IL-2 was shown to strongly enhance

myelorestoration when given after CTX treatment in a mouse

model (Proietti et al., 1993).

Real time PCR analyses demonstrated also that CTX ad-

ministration actively induces the expression of cytokines reg-

ulating homeostatic expansion, such as IL-7, IL-15 and IL-21,

which share (along with IL-2) the common gamma-chain re-

ceptor. Although each of these cytokine have overlapping

functions because of their ability to activate common signal

transducer and shared STAT family members, individual cy-

tokines may possess unique or selective activities. IL-15 is in-

volved in mediating the stimulation of memory-phenotype

CD8þ T cells by type I IFN (Zhang et al., 1998). IL-21 can syner-

gize with either IL-7 or IL-15 in driving the proliferation of

CD8þ T cells, in inducing the differentiation of B cells into

plasma cells and in enhancing the activity of NK cells (Zeng

et al., 2005). IL-7 has been shown to play a pivotal role for ho-

meostatic expansion of naive CD8þ and CD4þ T cells in lym-

phopenic hosts and for CD8þ T cell survival in normal hosts

(Schluns et al., 2000). Noteworthy, the neutralization of IL-7

by specific monoclonal antibody greatly reduced the homing

of transferred lymphocytes to the secondary lymphoid organs
of CTX-treatedmice (Bracci et al., 2007). The importance of the

increased expression of IL-7 and IL-15 for the effectiveness of

combined therapies is also suggested by the finding that the

antitumor efficacy of the combination of a sublethal total

body irradiation (TBI) with the adoptive transfer of CD8þ T

cells was impaired in mice deficient of both cytokines

(Gattinoni et al., 2005a). Moreover, the systemic administra-

tion of IL-2, IL-7, IL-15 and IL-21 was shown to be capable of

augmenting tumor regression mediated by adoptively trans-

ferred T cells in a dose-dependent manner (Klebanoff et al.,

2011).

Considering that the g chain of the IL-7 receptor is

expressed only at low levels in regulatory T cells (Seddiki

et al., 2006), all these observations suggest that the CTX-

induced homeostatic cytokinesmay act synergistically in pro-

moting the proliferation/activation of effector/memory T cells

following CTX-mediated lymphodepletion but not that of Treg

cells, leading to a temporary imbalance of effector/Treg cells

favoring effective immunity and disadvantaging tolerance.

Such an imbalance in CD4þ T-cell subtypes was demon-

strated by the simultaneous analysis of the kinetic of recovery

of Treg, T helper 17 (Th17), T helper (Th1) and activated

CD25þCD4þFoxp3� T lymphocyte after CTX-mediated lym-

phodepletion. Th17, Th1 and activated T cells showed a pro-

nounced expansion, while Treg cells exhibited a lower and

more delayed rebound (Moschella et al., 2011).

Of note, the CTX-mediated polarization of T helper cells to-

ward a Th1 phenotype, the T helper subtype typically consid-

ered to be the most important for tumor rejection, has been

shown in different experimental settings. In fact, CTX treat-

ment induced increased expression of Th1 cytokines (IL-2

and IFN-g), while decreasing the level of IL-4 transcripts and,

in association with adoptive cell transfer, induced increased

plasma levels of IFN-g while reducing that of IL-10 (Bracci

et al., 2007). A Th2 to Th1 shift in cytokine production was

also shown in tumor-bearing rats treated with low-dose CTX

(Matar et al., 2002). Regarding Th17 cells, a recently character-

ized lineage distinct from Th1 or Th2 subsets and character-

ized by the secretion of IL-17A, their role in controlling

tumor growth is currently under debate. In fact, some studies

found no significant correlation of Th17 with patient clinic-

pathological characteristics or survival (Zhang et al., 2010),

while in other studies Th17 correlated with improved cancer

prognosis (Sfanos et al., 2008; Ye et al., 2010). Moreover,

Martin-Orozco and colleagues demonstrated that IL-17A-

deficient mice are more susceptible to developing lung mela-

noma and that the adoptive transfer of tumor-specific Th17

cells prevented tumor development exhibiting a stronger

therapeutic efficacy than Th1 cells (Martin-Orozco et al.,

2009). Indeed, in both tumor models and cancer patients

CTX was able to markedly promote the differentiation of

Th17 cells (Moschella et al., 2011; Viaud et al., 2011).
3. Molecular aspects of chemotherapy-induced
immunomodulation

At a glance, it would seem very difficult to reconcile all the

above mentioned effects of CTX on both the tumor and the

host (Figure 6) in one simple mechanistic model. The use of

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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Figure 6 e Schematic representation of the multiple direct and indirect effects of cyclophosphamide (CTX) in association with immunotherapy on

both the host and the tumor, leading to a synergistic anticancer activity.
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high throughput technologies, such as transcriptomic and

proteomic approaches, allowed a comprehensive character-

ization of CTX-mediated immunomodulation (Moschella

et al., 2011). Gene expression profiling demonstrated that

CTX modulates the expression of about a thousand of genes

in bone marrow, spleen and PBLs of tumor-bearing mice.

Down-regulated genes were shown to be involved in cell divi-

sion, RNA processing, metabolic processes, establishment of

cellular localization and chromosome segregation, represent-

ing the biosynthetic, metabolic and cell cycle arrest mediated

by CTX toxicity (Moschella et al., 2011). Up-regulated genes

were related to various aspects of immune regulation and

activation. In particular, 1e2 days post-treatment, CTX

induced the expression of numerous danger signals, including

genes associated to DNA repair, cell death, autophagy and

drug resistance (DNA-damage-inducible transcript 4, clus-

terin, HIF1A, ATG7 and HSP70-2) and CRT, whose exposure is

required for the immunogenicity of cell death (Obeid et al.,

2007a). Moreover, CTX treatment induced the up-regulation

of two alarmins (defensin-alpha-4 and defensin-beta-2), act-

ing on immature DCs as ligands for Toll-like receptor 4

(TLR4) (Biragyn et al., 2002), of the stress response factor

(HSF2) and of several soluble and cell associated pattern

recognition receptors (PRR), responsible for the recognition

of pathogens and apoptotic/necrotic cells (Moschella et al.,

2011). Up-regulated PRRs included complement component

C1q (Ogden et al., 2001), complement protein properdin, ficolin

A and several C-type lectin receptors (CLRs), such as mannose

binding lectin (MBL1) (Nauta et al., 2003; Ogden et al., 2001),

DCIR (Klechevsky et al., 2010), SIGNR1, Dectin-1 (Weck et al.,

2008) and Dectin-2 (Robinson et al., 2009). In addition, CTX in-

duced the up-regulation of genes involved in CLR signal-
transduction pathway (SYK, BCL-10) and of the transcription

factor NF-kB that regulate proinflammatory gene expression

(Gringhuis et al., 2009). Triggering of several PRRs simulta-

neously can induce diverse innate immune responses, which

provides the diversity that is required to shape an effective

adaptive immune response. Accordingly, factors involved in

inflammatory responses and Th1 and Th17 differentiation

(nitric oxide synthase 2, IL-1b, IL-17, IL-18, IFN-g) were

increased post-treatment. At the same time, CTX treatment

augmented the expression of several genes encoding for che-

mokines (CCL21, CXCL2, CXCL7, CXCL12) and chemokine

receptors (CCR6, CCR9 and IL8RB), of genes modulating

lymphocyte proliferation and activation, such as APRIL and

BAFF, and of growth factors acting on different cell popula-

tions (FGF1, HBEGF, IGF1, PDGFB, VEGFA) (Moschella et al.,

2011). Themodel stemming from this data is that CTX induces

an immunogenic apoptosis not only of tumor cells but also of

host BM and spleen cells and that the perception of danger sig-

nals by PRRs leads to the promotion of hematopoiesis and ac-

tivation of the immune response (Figure 7). When an immune

intervention (vaccination or adoptive immunotherapy) is per-

formed during the recovery phase that follows the damage,

also tumor-specific immune cells can take advantage of the

drug-mediated immunomodulation.

Such a response could be interpreted as a hormetic re-

sponse. Hormesis is a biological phenomenon whereby a ben-

eficial effect (improved health, stress tolerance, growth or

longevity) results from exposure to low doses of an agent

that is otherwise toxic or lethal when given at higher doses

(Calabrese et al., 2007). It is a biphasic biological phenomenon

that can result from cellular repair processes following a dis-

ruption in homeostasis (i.e., toxicity). The repair process fixes

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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Figure 7 e Model of cyclophosphamide (CTX)-mediated immunomodulation on the basis of genes up-regulated by treatment. CTX treatment of

tumor-bearing mice results in the killing of proliferating cells, including tumor and host bone marrow and spleen cells. Pre-apoptotic and dead

cells release or expose danger signals such as HSP70, alarmins (defensin-alpha-4 and defensin-beta-2) and calreticulin. The latter could be

recognized by the soluble pattern recognition receptors (PRRs) C1q and mannose binding lectin (MBL), thus triggering phagocytosis of apoptotic

cells. The secretion of HSP70 and defensin-beta-2, through the activation of TLR4, may act directly on immature DC, inducing their maturation

and up-regulation of costimulatory molecules, via activation of NF-kB. Apoptotic cells may be recognized also by membrane PRRs, such as

dectin-1, dectin-2, DCIR and SIGNR1. After ligand binding, the C-type lectin dectin-1 activates the transcription factor NF-kB through a Syk

kinase-dependent signaling pathway, leading to the induction of genes encoding proinflammatory cytokines and chemokines. Up-regulated

cytokines, including IL-1b, IL-2, IL-7, IL-15, IL-17, IL-21 and IFN-g (produced either by DC or by T cells or by stromal cells) may therefore

induce Th1 and Th17 polarization and, altogether, T cell proliferation and activation (Moschella et al., 2011).
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the damage caused by the stressor and is then followed by an

overcompensatory response which would be seen as a stimu-

lation. This effect has been described for a large number of

chemicals and radiation and also the immune system can be

seen as a hormetic system, inwhich the stressor is the antigen

and proliferation is the hormetic response (Calabrese, 2005).

The classical hormetic model where low-dose exposure to

a toxic compound produces a stimulatory response and

high-dose exposure an inhibitory one, would correspond for

CTX to a model where a single treatment before immunother-

apy is immunostimulatory while repeated treatments are

immunosuppressive.

Of note, the massive modulation of gene expression by

CTX is early and transient, being activated already 1 day after

treatment and finished by day 5 (Moschella et al., 2011), point-

ing out that the immunotherapeutic intervention, which may

include the use of cancer vaccines, should be performed early

after treatment, to consent to the chemotherapy-induced

“hormetic response” to condition and enhance the antitumor

immunity. This concept is consistent with results obtained in

mouse tumors models, where CTX could strongly synergize
with the adoptive cell transfer of tumor-immune lymphocytes

only if the vaccine itself was administered 1 day after drug-

treatment, at the time of the detection of a chemotherapy-

induced cytokine/chemokine “storm” (Moschella et al., 2010,

2011). Thus, all this suggests that the propulsive force of che-

motherapy can be successfully exploited at an early time after

drug administration for improving the response to immuno-

therapy in cancer patients.
4. Clinical studies of combination therapies

Today, a large amount of preclinical studies performed by our

group as well as by others strongly suggest the possibility of

taking advantage of chemotherapy-activated homeostatic

mechanisms to boost the tumor-specific cellular immunity.

The results of some clinical studies may support this concept.

Here, we will not review all themany clinical studies based on

combining chemotherapy with immunotherapy, which have

been the subject of some comprehensive recent review arti-

cles (Emens, 2010). We only summarize the results of some

http://dx.doi.org/10.1016/j.molonc.2011.11.005
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selected clinical studies which may support the rationale of

exploiting the propulsive role of chemotherapy for enhancing

the response to vaccines and other immunotherapy interven-

tions. Some studies have shown that different kinds of immu-

notherapy in close proximity to cytotoxic chemotherapy can

increase the immune response against cancer. This concept

is further indirectly supported by a recent observation that

in chemotherapy treated breast cancer patients, influenza

vaccine administered at day 4 after chemotherapy discontin-

uation induced a significantly better antibody response than

in patients vaccinated at day 16 (Meerveld-Eggink et al.,

2011). The use of chemotherapy administration just before im-

munotherapy with immune-enhancing purposes can be de-

fined as “immune-adjuvant chemotherapy”.

Most clinical trials of chemotherapy and immunotherapy

combination have been conducted in patients with melanoma

undergoingACTof tumor-specific lymphocytesandCTX.Rosen-

berg’s group has steadily moved in the direction of the ACT get-

ting progressively more encouraging results. Trial after trial he

obtained that the administration of a heavy non-myeloablative

lymphodepleting regimenconsisting ofCTXandfludarabinebe-

fore the adoptive transfer of antitumor effector cells could lead

to a dramatic increase in the persistence of transferred cells

in vivo and objective cancer regression in 49e72% of patients

with metastatic melanoma, with complete responses ongoing

beyond 3e7 years (Rosenberg et al., 2011). More recently, the

same group demonstrated that new approaches using autolo-

gous cells genetically engineered to express conventional or chi-

meric T-cell receptors canmediate cancer regression inpatients

with metastatic melanoma, synovial sarcoma, neuroblastoma

and refractory lymphoma (Rosenberg et al., 2011).

The importance of CTX pre-treatment was highlighted also

in a recent trial in chemotherapy-refractory chronic lympho-

cytic leukemia or relapsed B cell acute lymphoblastic leuke-

mia patients treated with autologous T cells modified to

express 19-28z, an antigen receptor specific to the B cell line-

age antigen CD19. The short-term persistence of infused T

cells was enhanced by prior (2 days) administration of a rela-

tively high dose (3 gr/sqm) CTX. Further analyses revealed

rapid trafficking of modified T cells to tumor and retained

ex vivo cytotoxic potential of CD19-targeted T cells retrieved

8 days after infusion. Of particular relevance, this trial sup-

ports the concept that immune-adjuvant chemotherapy can

be administered also in chemotherapy-refractory patients to

overcome tumor resistance occurring after prolonged chemo-

therapy treatments (Brentjens et al., 2011).

Finally, the crucial relevance of timing between chemo-

therapy and cell infusion was demonstrated by Fo�a and col-

leagues in a recent study in hematologic patients who have

undergone an allogeneic stem cell transplant (SCT) procedure

and had evidence of resistant/residual disease. These patients

underwent one or two cycles of donor lymphocyte infusion

(DLI) already 2 days after a chemotherapeutic treatment (usu-

ally DLI is given at least 15 days after chemotherapy). Four of

the six patients who received DLI after chemotherapy experi-

enced for the first time a clinical picture of graft versus host

disease (GVHD), although they had previously undergone

one or more cycles of standard DLI; in these four patients,

the onset of GVHD was associated with a hematological com-

plete remission (Torelli et al., 2010).
A more limited number of studies have been performed in

cancer patients using chemotherapeutic drugs along with

cell-based vaccination. A wide number of drugs have been

tested with different modalities of combination with vaccine.

Most cellular vaccines consisted of tumor cells engineered to

secrete GM-CSF administered early after treatment with ther-

apeutic or low-dose chemotherapy. Different types of cancer

have been studied so far (breast, colon, pancreas, prostate

cancers) showing a chemotherapy-dependent increase of an-

titumor cellular immunity, as recently reviewed (Emens,

2010).

Although several experimental studies demonstrate that

moderately low-dose chemotherapy may positively affect

DC differentiation/maturation and that it can be efficiently

combined with DC-based vaccination (Asavaroengchai et al.,

2002; Salem et al., 2007; Schiavoni et al., 2011), only one clini-

cal study reported that in patients with glioblastoma, immune

therapy with DC vaccination after radiation and temozolo-

mide (TMZ) resulted in tumor-specific immune responses

that were associated with prolonged survival (Fadul et al.,

2011).

Only a few studies have been completed with the sequen-

tial combination of chemotherapy and peptide vaccines. Re-

cently, Sampson and colleagues showed that a dose-

intensified TMZ treatment of glioblastoma patients in combi-

nation with experimental EGFRvIII-targeted peptide vaccine,

although increasing the proportion of immunosuppressive

Treg cells, produced humoral and delayed-type hypersensitiv-

ity responses of greater magnitude with respect to vaccine

alone or vaccine in combination with standard dose TMZ

and eradicated EGFRvIII-expressing tumor cells in nearly all

patients (Sampson et al., 2011). A phase I/II trial in resected

melanoma patients demonstrated that pre-treatment of

resected stage IIIbeIV melanoma patients with standard

dose dacarbazine (DTIC) 1 day before the administration of

a gp100 and Melan A peptide vaccine induced high tumor-

specific cellular immune responses and a progressive widen-

ing of T cell receptor repertoire diversity accompanied by

high avidity which correlated with a disease-free survival of

more than 6 years only in patients treated with DTIC vaccine

combination (Nistico et al., 2009; Palermo et al., 2010).
5. Conclusions and perspectives

The history of cancer immunotherapy has been characterized

by alternate cycles of optimism and discouragement.With the

recent approval of new types of immunotherapy treatments

for certain categories of cancer patients (i.e., a monoclonal an-

tibody, Ipilimumab, for melanoma and a cellular vaccine, Pro-

venge, for prostate cancer), we are now encouraged to move

ahead with new preclinical and clinical studies of cancer im-

munotherapy, taking also into consideration the better under-

standing on how immunologic interventions, including

cancer vaccines, can be successfully combined with other an-

ticancer treatments. Likewise, we now understand much bet-

ter the potential relevance of some cellular and molecular

markers of the response to both immunotherapy and chemo-

therapy in certain categories of cancer patients and all this
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can significantly contribute to the development of more effec-

tive and personalized antitumor therapies.

During the last decade, parallel flows of knowledge have

shed new light on both the understanding of immunostimu-

lating effects of some anticancer chemotherapeutic drugs

and on the importance of the immune system activity in con-

trolling the development and the progression of cancer. This

new information has supplied the rationale for using certain

chemotherapeutic drugs to achieve a favorable modulation

of the antitumor immune response and to amplify the re-

sponse to therapeutic anticancer immune treatments.

The initial rationale for combining chemotherapy and im-

munotherapy was based essentially on the selective cytotoxic

activity of CTX against Treg but was gradually implemented

by the discovery of the concomitant involvement of homeo-

static proliferation and of immunogenic apoptosis.

This new complex framework of the mechanisms of syner-

gistic interaction between chemotherapy and immunotherapy

can now let us drawmuchmore articulate immunotherapeutic

strategies which take into account the wide panel of effects of

chemotherapy directed to both the stimulation of the host

immune response and the modification of the tumor

microenvironment.

The direct consequence of this new vision is that it is pos-

sible today to combine chemotherapy and immunotherapy

not only in advanced cancer patients, where the tumor-

induced immunosuppressive activity has a dominant role,

but also in tumor-free or resected patients, where the goal is

to restimulate a vanished tumor-specific immune response

to erase the minimal residual disease and prevent tumor re-

currence. Moreover, the new knowledge on the effects of cer-

tain chemotherapy agents and on the functional properties of

some types of DC, such as those generated in the presence of

IFN-a (IFN-DC) exhibiting a special capability to kill certain tu-

mor cells and take up apoptotic bodies and induce antigen

cross-presentation and potent cross-priming of CD8 T cells

(reviewed by Rizza et al., 2011), suggests possible novel combi-

nation therapies in patients bearingmetastatic lesions. In par-

ticular, the recent discovery of the stimulating activity of

chemotherapy on DC maturation/activation and of immuno-

genic apoptosis of tumor cells permits to envisage a possible

association of chemotherapy with direct intratumoral injec-

tion of autologous DC, to achieve a potent systemic antitumor

immune response.

In conclusion, the ensemble of the new findings in the field

of immune-adjuvant chemotherapy supports the following

two main types of therapeutic approaches of combined anti-

cancer immunotherapy:

� immunotherapy of patients with established tumors by us-

ing chemotherapy just before ACT of tumor-immune lym-

phocytes, which represents the extension of the studies

originally performed by Rosenberg’s group in patients with

advanced melanoma;

� immunotherapy based on the use of chemotherapy just be-

fore vaccination with defined tumor antigens, including

DC-vaccines exhibiting some potential advantage for induc-

ing a prolonged antitumor immune response. (This

approach could results in a major clinical impact in patients

with minimal residual disease).
Both approaches can selectively exploit the recently de-

scribed effects of chemotherapy, including its propulsive

role in enhancing the antitumor immune response to

immunotherapy.
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