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Abstract In recent years, the combination of cancer
immunotherapy with standard therapeutic modality is
gaining credibility due to a number of clinical trials dem-
onstrating therapeutic success of such combination thera-
pies. However, the mechanism of this phenomenon is
poorly understood. Here, we will discuss recent findings
that suggest novel mechanisms of synergistic effect of
cancer immunotherapy and chemotherapy.
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Introduction

Despite the substantial progress made in recent years, the
treatment of patients with advanced stage cancers faces
many challenges. In many different types of cancers,
conventional therapeutic modalities alone cannot provide
satisfactory clinical results. It has become clear that future
progress will depend on our ability to develop effective
methods of combination therapy. Cancer immunotherapy
has long been an attractive therapeutic approach due to its
low toxicity and high specificity. However, it often failed
to provide clear clinical benefits [1]. Chemotherapy, the
conventional treatment option in patients with advanced
stage cancer, can cause immunologically active tumor cell
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death; but it has immune suppressive effects rendering it
rather detrimental to the immune system. Therefore, for
many years, the combination of immunotherapy and che-
motherapy was not considered as very promising approach.
This paradigm has been revisited in recent years in light of
unexpected clinical observations describing substantial
clinical benefits for patients treated with cancer vaccines
followed by chemotherapy [2—6]. The mechanism of this
phenomenon remains unclear. We will review our attempts
to address this question.

Antitumor immunity in solid tumors is mainly mediated
by cytotoxic T cells (CTLs), natural killer (NK), and nat-
ural killer T (NKT) cells. Dendritic cells (DCs) play a
central role in coordinating the activities of these cells.
On the other end, tumor-associated macrophages (TAM),
T regulatory cells (Treg), and myeloid-derived suppressor
cells (MDSC) form an effective network capable of sup-
pressing the immune system. The question is whether it is
possible, with these myriad of factors functioning simul-
taneously, to induce effective anticancer T cell reactivity?

Effect of chemotherapy on immune system

Most of chemotherapeutic drugs target rapidly dividing
tumor cells. Therefore, dividing cells of the immune sys-
tem are also vulnerable to these drugs. Intensive chemo-
therapy causes lymphopenia with decreased percentage of
circulating T cells [7]. There is ample evidence that con-
ventional chemotherapy can ablate T cell function and thus
blunt anti-tumor immune responses [8].

However, when used in non-cytotoxic doses, several
drugs like paclitaxel, doxorubicin, mitomycin C, and
methotrexate increased antigen presentation in an auto-
crine IL-12-dependent manner [9]. DCs, treated with
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vinblastine, underwent maturation and exhibited better
ability in inducing CD8 T cell responses, when compared
with untreated DCs [10]. Chemotherapy may also induce
an antitumor response by influencing tumor cells directly,
causing immunogenic cell death [11]. Spisek et al. showed
that treatment of myeloma cells with the proteasome
inhibitor bortezomib lead to surface expression of HSP90
on the cell surface [12]. Heat shock proteins (HSPs) act as
danger signals, and are expressed on the cell surface as
“eat me” signals to DCs [13]. Chemotherapy has also
been shown to render cancer cells more susceptible to
killing by CTLs. 5-Fluorouracil (5-FU), CPT-11, and
cisplatin (CIS) were all shown to increase the sensitivity
of the SW480 colon cancer cell line to killing by T cells
[14]. Chemotherapy, even at conventional doses, can
eliminate MDSC and Tregs, thus removing some of the
immune suppressive factors present in cancer patients
[15]. Cytotoxic drugs can modulate systemic mechanisms
of active immune suppression or by amplifying expansion
of antigen-specific T cell expansion via cytoreduction
(review in [16]).

These observations suggested that chemotherapy can be
immunogenic if used in low non-cytotoxic doses. However,
in cancer patients treated with conventional doses of che-
motherapy, this apparently was not the case [17] raising the
question of how exactly chemotherapy may augment the
effect of immunotherapy.

Understanding the synergy between chemotherapy
and immunotherapy

In our recent work [18], we used various murine tumor
models and different methods to generate tumor-specific
CTLs. The tumor models were established using MC38
colon carcinoma and TUBO mammary carcinoma cell lines
in C57BL/6 and Balb/c mice. The DC vaccines used p53
and p66 (rat Neu) derived peptides as tumor antigens. The
rationale for using p53 and p66 as tumor antigens is that the
p53 mutation in colon cancer produces a non-functional,
but stable p53 protein [19]. Amplification of the Her2/neu
gene and the resultant protein over-expression is seen in a
variety of cancers like prostate, breast, ovarian and gastric.
The overexpression of HER-2/neu is implicated in the
malignant transformation of breast cancer [20, 21]. We
sought to exploit differential expression of these antigens
between tumor cells and normal cells. We found that a
combination of suboptimal doses of paclitaxel (TAX) and
the pS3 DC vaccine potently suppressed tumor growth in
the MC38 model for at least 5 weeks after start of the
treatment. Chemotherapy and immunotherapy as single
agents had short-lived effects. In the breast tumor TUBO
model, TAX alone had very little antitumor activity; but
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chemotherapy, combined with DC vaccines, resulted in a
substantial delay in tumor progression [18].

The treatment of mice with TAX substantially increased
the ability of CTLs to penetrate tumor parenchyma. This
was probably the result of disruption of tumor stroma by
chemotherapy. However, our in vivo and in vitro experi-
ments demonstrated that antitumor effect was not due to
upregulation of CTL activity. In vitro studies showed that
suboptimal doses of chemotherapy sensitized tumor cells to
cell-mediated killing by CTLs. This was true for all three
chemotherapeutic drugs tested: TAX, doxorubicin (DOX)
and cisplatin (CIS), despite the fact that these drugs have
different mechanisms of action [22-24].

Cytotoxic T cells exert their cytotoxic effect via several
mechanisms that include IFN-y, Fas/FasL [25], and per-
forin/granzyme B [26]. Although it is known that IFN-y
can Kkill cells, the biological role of IFN-y induced pro-
grammed cell death is still not well defined; and the precise
correlation between IFN-y mediated inflammatory changes
and apoptosis has not been well established. In an in vivo
tumor model, NK and NKT cells produced IFN-y in
response to a growing tumor; which, in turn, caused limited
tumor death and promoted production of chemokines, such
as CXCL10, that recruited immune cells at the tumor site.
IFN-y, along with IL-12 was also implicated in apoptosis,
via production of reactive oxygen species and nitrogen
intermediates [27]. IFN-y up-regulated the expression of
Fas and Fas ligand (FasL) on HT29 tumor cells [28], thus
contributing to induction of apoptosis. Kiefer et al. [29]
have proposed that IFN-y modulates a p53-independent
apoptotic pathway, by both directly and indirectly inducing
select apoptosis-related genes. We investigated the possi-
bility of IFN-y induced apoptosis due to combination
therapy, but found that the IFN-y levels between the control
and treated groups were not significantly different (data not
shown).

The Fas pathway, involving FasL on the effector cell
and engaging the Fas receptor (CD95) on the target cell, is
a well-known pathway for inducing apoptosis. FasL. binds
and activates receptors via their trimerization. Activated
receptors recruit adaptor molecules, such as Fas-associat-
ing protein with death domain (FADD), which in turn
activates procaspase 8. Caspase 8 activates caspase 3
through either the BID or the cytochrome C pathways,
which ultimately lead to DNA fragmentation [30]. We
evaluated the expression of Fas on tumor cells and of FasL.
on splenocytes after treatment with three chemotherapeutic
agents (TAX, CIS and DOX). None of the drugs altered the
expression of Fas or FasL, but dramatically increased the
permeability of the target cell membrane to granzyme B
(GrzB) [18]. All tested chemotherapeutic drugs increased
the intracellular levels of GrzB in murine and human cell
lines. In addition, the inhibition of GrzB activity abrogated
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the effect of TAX on CTL-induced apoptosis, confirming
the critical role of this mechanism in the synergistic effect
of chemotherapy and CTLs [18].

CTLs and NK cells utilize contact-dependent mecha-
nisms to kill malignant cells. Within a few minutes after
contact of effector cells with target cells, CTLs release
pore-forming protein, perforin, and a family of serine
proteases (granzymes) [31, 32]. GrzB is the most studied
and arguably most important member of granzyme family.
GrzB induces both caspase-mediated, as well as caspase-
independent, cell death. GrzB mainly triggers caspase
activation indirectly via pro-apoptotic BH3 members of the
BCL-2 family, such as the BH3-interacting domain death
agonist (BID); which results in the leakage of pro-apoptotic
mitochondrial mediators, such as cytochrome C, into the
cytosol [33, 34]. There have been reports that GrzB also
induces apoptosis via BID-independent pathways [35].
It was initially assumed that perforin acted as a conduit,
by inserting itself into the plasma membrane to create a
channel, allowing GrzB to passively cross over [30, 36].
More recent studies suggested that perforin, although
important as an enabler of granzyme-mediated apoptosis,
was not the sole mechanism for uptake of GrzB into cells.
It has been shown that the penetration of GrzB into cells
can be arbitrated by receptor-mediated endocytosis [37,
38]. One of the major receptors, mediating GrzB uptake by
cells, is the multi-functional cation-independent mannose
6-phosphate receptor (CI-MPR) [39].

The two mannose-6-phosphate receptors, the 46 kDa MW
cation-dependent (CD-MPR) and the ~300 kDa MW cat-
ion-independent (CI-MPR), are the integral membrane pro-
teins. On the cell surface CI-MPR, along with CD-MPR, is
responsible for the binding and uptake of mannose-6-phos-
phate containing molecules [40]. Within the cell, CI-MPR
delivers the ligand-receptor complex from the trans-golgi
network (TGN) to endosomes, where the ligands are subse-
quently transferred to lysosomes [41, 42]. Among other
things, CI-MPR is also known to facilitate activation of TGF-
f1 and to modulate the level of the insulin growth factor 11
(IGF-II) [43]. Over-expression of the CI-MPR results in
growth inhibition, both in vitro and in vivo [44, 45]. Some
findings suggest that CI-M6PR may play an important role in
GrzB mediated cell killing [46, 47]. Our data indicate that
CI-MPR is a key player in the combination therapy induced
apoptotic pathway.

All three chemotherapeutic agents caused up-regulation
of CI-MPR expression on tumor cells and a concurrent
increase in the uptake of GrzB in these treated cells.
Blocking the CI-MPR expression, using MPR specific
siRNA, resulted in a dramatic decrease in the uptake of
GrzB in TAX treated tumor cells suggesting that CI-MPR
could indeed be responsible for the sensitization of tumor
cells to CTLs [18]. Using perforin-deficient CTLs, we
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Fig. 1 Schematic of apoptosis induced by CTLs and chemothera-
peutic drug (TAX). CTL cytotoxic T cells, TCR T cell receptor, MHC
I MHC class I, M6PR mannose 6-phosphate receptor (see description
in the text)

observed that, while these CTLs could not kill non-treated
target cells, they were effective against TAX-treated tumor
cells. An adoptive transfer model using these cells in
tumor-bearing mice gave the same results [18]. These data
emphasize that chemotherapy may regulate GrzB uptake
via up-regulation of CI-MPR and bypass the requirement
for perforin. This led us to the conclusion that activated
CTLs, releasing Grz B, were capable of killing the che-
motherapy sensitized cells at the tumor site even in the
absence of antigen expression.

It appeared that chemotherapy (TAX) and immuno-
therapy affected different components of the apoptotic
pathway (Fig. 1). TAX increased the levels of cleaved
caspase-3, while CTLs up-regulated cytochrome C (cyt C)
[18]. Caspase-3 is the main target for cyt C activity.
However, CTLs can also induce apoptosis in a caspase-
independent fashion by upregulating levels of endonucle-
ase G, a protein that causes caspase-independent DNA
degradation [18]. This can explain synergistic effect of
CTLs and TAX on induction of tumor cell apoptosis in our
experimental system.

Conclusions

Based on these findings, we can suggest a working
hypothesis describing the synergistic effect of CTLs and
chemotherapy in cancer. In the case of monotherapy, a
small number of low-affinity CTLs, generated by cancer
vaccines or generated ex vivo and adoptively transferred
to cancer patients, can penetrate tumor parenchyma.
There they come in contact with a small number of
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antigen-expressing tumor cells. Interaction of CTLs with
their target results in CTL activation, release of perforin
and GrzB, and killing of tumor cells. However, only tumor
cells that form synapse with CTLs will be killed. Thus, the
effect of immunotherapy is limited by the number of CTLs
able to penetrate tumor and by the number of tumor cells
expressing specific antigen. This process is further com-
promised by different immune suppressive cells present in
tumor site. As a result, only a limited proportion of patients
treated with immunotherapy alone have detectable antitu-
mor clinical responses. Chemotherapy causes the disrup-
tion of tumor stroma that allows more CTLs to penetrate
into tumor site [18]. It also may inhibit negative regulatory
network inside the tumor by eliminating MDSC and Treg
and by decreasing production of immune suppressive
cytokines by tumor cells. However, most importantly,
chemotherapy up-regulates expression of CI-MPR on
tumor cells. As a result GrzB released by activated CTLs
can be picked up by a large number of neighboring tumor
cells. Thus, a relatively small number of CTLs can cause
apoptosis in large numbers of tumor cells manifesting in a
clinically evident antitumor effect.

This hypothesis needs to be tested in cancer patients and
combination therapy of cancer faces many challenges. The
optimal chemotherapeutic agents available to physicians
most of the time are dictated by the nature of the type of
cancer they are treating. Therefore, the time frame of the
effect needs to be determined, as well as the possibility that
different chemotherapeutics can cause the same effect on
tumor cells. Cancer patients are currently enrolled in clin-
ical trials for therapeutic vaccines at the late stages of their
disease. As a result, patients enrolled in cancer immuno-
therapy clinical protocols have already received a variety of
standard treatments that may have had negatively influ-
enced for a long period of time their immune competence.
Therefore, clinical effect of combination therapy can be
really tested only in the settings of a frontline treatment.
Given the fact that each patient may differently respond to
the chemotherapeutic treatment most effective combination
therapy probably needs to be developed separately for each
chemotherapeutic drug. However, despite all these chal-
lenges, combination therapy is very promising approach to
the treatment of patients with advanced stage cancers.
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