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Abstract
There is growing evidence that activation of the immune systemmay be an effective treatment for patientswith

either small cell lung cancer or non–small cell lung cancer (NSCLC). Immunomodulatory antibodies directed
against cytotoxic T cell–associated antigen 4 (CTLA-4/CD152) and programmed cell death ligand 1 (PDL1/
CD274) showed clinical efficacy in patients with lung cancer. The key immune cells responsible for antitumor
activity are the CTLs. The presence of these tumor-directed CTLs, both in number and functionality, is a
prerequisite for the immune system to attack cancer cells. Immunomodulatory agents attempt to increase the
efficacy of CTL activity. Thus, the limited number of patients who benefit from immunomodulatory antibodies
may be caused by either an inadequate number or the impairment of CTL activity by the hostile environment
created by the tumor. In this review, we discuss tumor-induced impairment of CTLs and experimental treatments
that can stimulate T-cell responses and optimize specific CTL function. We discuss 2 types of immune cells with
known suppressive capacity onCTLs that are of pivotal importance in patientswith lung cancer: regulatory T cells
and myeloid-derived suppressor cells. Cancer Res; 73(8); 2381–8. �2013 AACR.

Introduction
There is growing evidence that approaches that activate the

immune system may be effective treatment options for
patients with either small cell lung cancer (SCLC) or non–
small cell lung cancer (NSCLC). Immunomodulatory antibo-
dies against cytotoxic T cell–associated antigen 4 (CTLA-4/
CD152) and programmed cell death ligand 1 (CD274) showed
clinical efficacy in patients with SCLC and NSCLC (1–4). On
the basis of these early trials, phase III trials in lung cancer are
currently enrolling patients. Table 1 summarizes the published
data on these agents in patients with lung cancer.
However, important lesions learned from the studies in

patients with melanoma must be taken into account: Data on
anti-CTLA-4 treatment in advanced melanoma show that a
subset of patients (5.8%–22%) has a marked improvement in
survival, whereas in the majority of patients, the survival
benefit is only modest or even absent. Apart from the high
costs, treatment with these immunomodulatory antibodies is
associated with specific side effects such as colitis and hypo-
physitis. The toxicity profile in patients with lung cancer is
similar to that in other malignancies. Therefore, it is highly

desirable to predict which patients might benefit from immu-
nomodulatory treatments.

The key immune cells responsible for antitumor activity are
the CTLs directed against tumor cells susceptible to cell lysis
(5). The presence of antitumor CTLs, both in number and
functionality, is a prerequisite for the immune system to attack
cancer cells. Immunomodulatory agents attempt to increase
the efficacy of CTL activity. Thus, the limited number of
patients that benefit from immunomodulatory antibodies may
be caused by either the limited number of CTLs or impairment
in CTL activity caused by the hostile tumor environment.

Absent or low CTL responses must first be induced or en-
hanced by passive or active immunotherapy. In lung cancer and
mesothelioma, different approaches have been used to enhance
CTLs (6). For example, we have shown that immunotherapy
using ex vivo stimulated dendritic cells can induce antitumor
immune responses in patients with mesothelioma (7).

The function of CTLs is affected by the systemic and local
immunosuppressive environment created by the tumor
(Fig. 1). Lung cancer is known to highly suppress the host
immune response (6). This may also be enhanced by exposure
to cigarette smoke and its effect on the immune system (8).
Also, each tumor has its own set of genomic and epigenomic
changes, which will influence the host immune response to the
tumor (9). At present, the clinical impact of the summation of
these changes in lung cancer is unknown.

Optimizing tumor-specific CTL function before administer-
ing immunomodulatory antibodies seems to be an essential step
to increase the efficacy of these agents in lung cancer treatment.
We anticipate that the efficacy of these new immunotherapeutic
strategies will benefit from, first, the induction of powerful CTL
responses, and second, by creating an environment that doesnot
exhaust the function of tumor-specific CTL activity.
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In this review, we discuss tumor-induced impairment of
CTLs and experimental treatments that can stimulate T-cell
responses and optimize specific CTL function. We discuss 2
types of immune cells with known suppressive capacity onCTL
that are of pivotal importance in patients with lung cancer:
regulatory T cells (Treg) and myeloid-derived suppressor cells
(MDSC). We anticipate that strategies that enhance CTL
activity in an immunostimulatory environment can strengthen
the effectivity of immunomodulatory antibodies for more

patients. These conditions can reduce tumor burden in
advanced lung cancer, whereas patients with limited-stage
disease may even be cured.

Tumor-Induced Impairment of T Cells
The coevolution of tumor cells and their surrounding stroma

generates an environment capable of suppressing effector T
cells in number and activity, thereby contributing to cancer
progression (10). This immunosuppression, thus orchestrated

Table 1. Published efficacy data on immunomodulatory antibodies in lung cancer

Reference, N Disease Treatment arm Study design Efficacy Study result

Reck et al. (3), 130 SCLC Stage IV
First line

Anti-CTLA-4
Ipilimumab

Randomized phase II
Chemotherapy þ
placebo

Ipi 10 mg/kg concurrent
Ipi 10 mg/kg phased

irPFS

n.s.
HR¼ 0.64; P¼ 0.03

Lynch et al. (2), 204 NSCLC Stage IV
First line

Anti-CTLA-4
Ipilimumab

Randomized phase II
Chemotherapy þ
placebo

Ipi 10 mg/kg concurrent
Ipi 10 mg/kg phased

irPFS

n.s.
HR¼ 0.72; P¼ 0.05

Topalian et al. (4), 76 NSCLC Stage IV
�Third line

Anti-PD-1 Phase I monotherapy RR 95% CI
1 mg/kg 6 (0.1–27)
3 mg/kg 32 (13–57)
10 mg/kg 18 (8–34)
All 18 (11–29)

Topalian et al. (4), 18 Squamous
Stage IV
�Third line

Anti-PD-1 Phase I monotherapy RR 95% CI
1 mg/kg 0
3 mg/kg 50 (12–88)
10 mg/kg 43 (10–82)
All 33 (13–59)

Topalian et al. (4), 56 Nonsquamous
Stage IV
�Third line

Anti-PD-1 Phase I monotherapy RR 95% CI
1 mg/kg 0
3 mg/kg 23 (5–54)
10 mg/kg 13 (4–30)
All 12 (5–24)

Brahmer et al. (1), 49 NSCLC Stage IV
�Third line

Anti-PD-L1 Phase I monotherapy RR 95% CI
1 mg/kg 0
3 mg/kg 8 (0–36)
10 mg/kg 16 (5–36)
All 10 (3–22)

Brahmer et al. (1), 13 Squamous
Stage IV
�Third line

Anti-PD-L1 Phase I monotherapy RR 95% CI
1 mg/kg n.d.p.
3 mg/kg 0 (0–60)
10 mg/kg 13 (0–53)
All 8 (0–36)

Brahmer et al. (1), 36 Nonsquamous
Stage IV
�Third line

Anti-PD-L1 Phase I monotherapy RR 95% CI
1 mg/kg n.d.p.
3 mg/kg 11(0–48)
10 mg/kg 18 (4–43)
All 11 (3–26)

Abbreviations: CI, confidence interval; ipi, ipilimumab; irPFS, immune related progression-free survival; n.d.p., no data published; n.s.,
not significant; RR, response rate.
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by the tumor or engendered by surrounding cells in response to
the tumor, has recently been added as a new hallmark for
cancer (11, 12). Tumors use at least 2 strategies to prevent
destruction by effector T cells; first they avoid recognition by
downregulating key molecules [e.g., MHC class I molecules,
tumor-associated antigens (TAA)], making them poor stimu-
lators and targets for tumor-specific T cells. Second, tumors
and their environment can prevent T-cell activation, disable
their function, or induce T-cell apoptosis. This changing of
tumor characteristics in time demands a continuous adapta-
tion of the immune system. Figure 1 shows the currently known
mechanisms for a tumor to evade antitumor T-cell responses.

Failure to prime the immune system
Tumor antigen presentation by antigen-presenting cells

(APC) in draining lymph nodes is the first and an essential
step in the expansion and differentiation of antitumor CTLs.
CTLs are released into the circulation and migrate into tumor
tissue [then called tumor-infiltrating lymphocytes (TIL)] by
complex interactions with adhesion receptors under the influ-

ence of chemotactic factors (Fig. 1). The most important APC
to activate T cells is the dendritic cell (DC). Under normal
conditions, DCs play an important role in the immunosurveil-
lance of the host by initiating this primary antitumor effector
T-cell response. Also, in the activation of the adaptive immune
system against tumor cells, DCs play a crucial role, as they are
able to engulf tumor antigens and activate na€�ve lymphocytes
in an antigen-specificmanner. However, tumor cells are potent
sources of a wide variety of cytokines, chemokines, and meta-
bolites that interfere with the natural development and func-
tion of circulating and local DCs. Furthermore, tumors create
conditions like hypoxia that stimulate immunosuppressive
cells like macrophages to acquire a proangiogenic M2 pheno-
type with high production of proangiogenic factors like VEGF
andmatrixmetalloproteinase (MMP-9; ref. 13). Tumor-derived
factors such as VEGF and interleukin (IL)-10 cause both
numerical and functional defects of DCs. These DCs express
substantially lower levels of MHC molecules, adhesion mole-
cules, and costimulatory molecules and have impaired capa-
bilities for antigen uptake, diminished cell motility, and

Figure 1. Immune evasion of
the tumor by the impairment of
effector T cells. The expansion of
effector T cells may be prevented
by downregulation of DC
function. T cells are forced in an
anergic tolerogenic or exhausted
stage by tumor-derived factors,
immunosuppressive cells
(e.g., Tregs, MDSC), and
direct contact with tumor cells
(e.g., death receptor ligand
expression, galactins). TIL,
tumor-infiltrating lymphocyte.

© 2013 American Association for Cancer Research
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impaired ability to activate na€�ve T cells (14–20). Although
tumor-infiltrating DCs are scarce in human tumor biopsies,
their presence in tumors correlates with a better prognosis
(21–23). A pilot study in patients with lung cancer showed that
the percentages of immature DCs and the phenotype of CTLs
in blood are related (24).

Blockade of effector phase
Direct interaction between tumor cells and TILs may result

in the downregulation of the CD3z chain and specific tyrosine
kinases of the TIL. This contributes to an impaired T-cell
receptor signaling that inhibits CTL lytic function and inacti-
vates the effector phase of antitumor responses. It has been
suggested that the expression of death receptor ligands (e.g.,
FasL, TRAIL, RANTES) by tumor cells or on their secreted
exosomes may deliver death signals to activated T cells, even
triggering T-cell death at distant sites from the tumor (25).

The plethora of tumor-secreted factors can also negatively
affect T-cell survival, activation, and cytokine secretion. For
example, glycan-binding proteins such as members of the
galectin family expressed by tumor cells and cancer-associated
stroma can bind to glycoconjugates on T cells, delivering
signals intracellularly, thereby inhibiting T-cell effector func-
tions by inducing T-cell apoptosis, sensitizing T-cells to FasL-
induced cell death, blocking proximal T-cell receptor (TCR)
signals, and suppressing TH1 and proinflammatory cytokine
secretion. Also, other pleiotropic factors, such as IL-10, TGF-b,
and prostaglandin E2 (PGE2), can directly inhibit T-cell acti-
vation, proliferation, and differentiation.

Several immunologic checkpoints are built in to switch off
T-cell activity. CTLA-4, lymphocyte activation gene-3 (LAG-
3), T-cell immunoglobulin mucin-3 (TIM-3), and pro-
grammed death-1 (PD-1) are examples of these coinhibitory
molecules to regulate T-cell accumulation and effector
function. The engagement with their ligand usually leads
to the attenuation of T-cell responses against cancer cells.
Sustained signaling results in functional exhaustion of T
cells, during which the ability to proliferate, secrete cyto-
kines like IL-2, and mediate lysis of tumor cells is sequen-
tially lost. Furthermore, tumor-derived factors and/or con-
ditions can also induce and attract immunosuppressive cell
types such as Tregs and MDSCs (26). This important mech-
anism by which effector T cells are attenuated by these cell
types is discussed in more detail below.

Regulatory T cells
Tregs are a subpopulation of CD4þCD25þ T lymphocytes

that are produced during maturation in the thymus (natural
Tregs) or induced in the periphery (induced Tregs). They have a
pivotal role in maintaining homeostasis and immune quies-
cence and are therefore an important "self-check" to prevent
excessive reactions. In humans, these cells represent 2% to 5%
of total circulating CD4þ T cells in peripheral blood. Defects in
Tregs contribute to the induction of severe autoimmune
diseases, including rheumatoid arthritis. They are further
characterized by the expression on forkhead box P3, gluco-
corticoid-induced TNF-receptor–related protein (GITR), LAG-
3, CTLA4, and downregulation of CD127 (IL-7R); however, all

these markers are not truly Treg specific. Induced Tregs arise
from na€�ve T cells when triggered by suboptimal antigen
stimulation by tolerogenic DCs and stimulation with TGF-b
and IL-10. Induced Tregs can be subdivided into IL-10–secret-
ing Tregs type I, TGF-b–producing Tregs (TH3 cells), and IL-
35–secreting Tregs (27). These cells are characterized by the
secretion of immunosuppressive cytokines directly inhibiting
effector T cells and converting DCs into suppressive APCs (28).
This contagious spread of suppressive capacity, mainly medi-
ated by IL-35, from Tregs to other T cells is called infectious
tolerance (29).

In patients with cancer, Tregs confer growth andmetastatic
advantages by inhibiting antitumor immunity. They have this
protumoral effect by promoting tolerance via direct suppres-
sive functions on T cells or via the secretion of immunosup-
pressive cytokines such as IL-10 and TGF-b (30, 31). Tregs are
increased in tumor tissue (32) and in peripheral blood (33) of
patients with NSCLC compared with healthy volunteers. This
increase in Tregs was found to promote tumor growth, cor-
related with lymph nodemetastasis (34, 35), and the number of
Tregs is associated with poor prognosis (36). Many factors lead
to increase of Tregs in NSCLC tumors; among them are thymic
stromal lymphopoietin (37) and intratumoral COX-2 expres-
sion (38). Overall, Tregs are considered the most powerful
inhibitors of antitumor immunity (39). As a result, there is
substantial interest for overcoming this barrier to enhance the
efficacy of effector T cells. Strategies include the following: (i)
Treg depletion by chemical or radiation lymphoablation or
using monoclonal antibodies or ligand-directed toxins direct-
ed against CD25 (daclizumab, basiliximab, denileukin diftitox,
RFT5-SMPT-dgA, and LMB-2) or with metronomic cyclophos-
phamide; (ii) suppression of their function [ipilimumab, tre-
melimumab (anti-CTLA4), DTA-1 (anti-GITR), denosumab
(anti-RankL), modulation of Toll-like receptor, OX40 stimula-
tion, or inhibiting ATP hydrolysis using ectonucleotidase
inhibitors]; (iii) inhibition of tumoral homing by blocking the
selective recruitment and retention of Tregs at tumor sites
(e.g., CCL22, CXCR4, CD103, and CCR2); and (iv) exploitation
of T-cell plasticity by modulating IL-6, TGF-b, and PGE2 (e.g.,
the COX-2 inhibitor celecoxib) expression (40).

Myeloid-derived suppressor cells
MDSCs are a heterogeneous population of immature mye-

loid cells and myeloid progenitor cells. In healthy individuals,
MDSCs generated in bone marrow quickly differentiate into
monocytes, granulocytes, or DCs. However, not only in cancer
(including NSCLC; ref. 41) but also in patients with trauma,
sepsis, and in autoimmune diseases, a partial block in the
differentiation results in expansion and release in the periph-
eral circulation of MDSCs. They are dramatically increased in
blood, spleen, and at tumor sites in patients with advanced
malignancies. MDSCs have been shown to inhibit the activa-
tion of T cells (42, 43) in a nonspecific or antigen-specific
manner, alter the peptide presenting ability of MHC class I
molecules on tumor cells (44), inhibit the DC differentiation
(45), and expand Tregs (46, 47), signifying their contribution in
constituting a tumor-suppressive environment. Furthermore,
there is compelling evidence that MDSCs, by secreting MMP-9
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and TGF-b1, are also involved in angiogenesis, vasculogenesis,
and metastatic spread (48).
They suppress these features by the production of reactive

oxygen species (ROS), nitric oxide, peroxynitrite, and secretion
of the cytokines IL-10 and TGF-b (49). Upregulated arginase-I
activity byMDSCs depletes the essential amino acid L-arginine,
contributing to the induction of T-cell tolerance by the down-
regulation of the CD3z chain expression of the TCR (50–53).
However, the mechanisms that are used to suppress the
immune responses are highly dependent on the context of
the microenvironment (54).
An increased subpopulation of MDSCs in the peripheral

blood of patients with NSCLC was detected that decreased in
those patients who responded to chemotherapy and patients
undergoing surgery (55). Because MDSCs play an important
role in mediating immunosuppression on CTLs, they repre-
sent a significant hurdle to successful immunotherapy in
NSCLC.
Therefore, targeting MDSCs in vivo with drugs like 5-fluo-

rouracil, gemcitabine, or VEGF/c-kit blockers (e.g., sunitinib,
imatinib, dasatinib) to elicit more potent anticancer effects is
an exciting development (56–58). Treatment of mice with all-
trans-retinoic acid, along with the help of NK T cells, converts
the poorly immunogenic MDSCs into fully efficient APCs and
in this way reinforces antitumor immune responses (59). Other
MDSC-suppressing or differentiation-inducing agents recently
reported are 5-aza-20-deoxycytidine, curcumin, IL-10, anti-
IL4R aptamer, and vitamin D3 (60–62). Agents that decrease
arginase activity, ROS, and/or inducible nitric oxide synthase
(iNOS) expression by MDSCs include Nor-NOHA, 1-NMMA,
COX-2 inhibitors (celecoxib; ref. 63), phosphodiesterase-5 inhi-
bitors (sildenafil, tadalafil; ref. 64), or ROS inhibitors (nitroas-
pirin; ref. 65). Because some of these agents are approved by the
U.S. Food and Drug Administration for non–cancer-related
indications, they promise to be a fruitful avenue of investiga-
tion in the coming years to overcome immunosuppression
associated with advanced tumors (56, 57).

CTL activation
Cancer immunotherapy attempts to activate or enhance

the antitumor effects of the immune system of the patient.
Multiple approaches for immunotherapy have been devel-
oped to improve antitumor T-cell responses, and many are
in various stages of (pre)clinical research. These approaches
can be divided into 2 categories: passive and active
immunotherapy.
Passive immunotherapy. Passive immunotherapy makes

use of in vitro produced immunologic effectors that are capable
of influencing effector T-cell responses. The most common
forms of passive immunotherapy are the administration of
recombinant cytokines or monoclonal antibodies. Cytokines
such as IL-2, IL-7, IL-15, and IL-21 that bind to the common
g-receptor on T cells (IL-2RG) can expand T cells in vivo and
increase the persistence. Monoclonal antibodies are also
used as immunomodulators to inhibit immunosuppressive
molecules/cells or activate immunostimulatory molecules.
Examples are antibodies directed against CTLA-4, PD-1, PD-
L1, TIM-3, or BTLA that can prevent blocking of T-cell

effector functions. Anti-CTLA-4, anti-PD-1, and anti-PD-L1
have been studied in clinical trials in patients with lung
cancer (Table 1). On the basis of these data, these agents are
now being tested in phase III studies both as first-line (anti-
CTLA-4) and later-line treatments (anti-PD-1). The toxicity
profile for these agents in patients with lung cancer is similar
to that for other malignancies, but as experience with these
agents is increasing, earlier interventions for immune-
related toxicities (e.g., treatment of colitis with high doses
of steroids) seems to reduce the amount of grade 3 and
4 toxicity.

Another way of passive immunotherapy is to reduce the
suppressive environment by depleting VEGF, for instance, with
bevacizumab, a monoclonal antibody against VEGF. An addi-
tional advantage could be that the DCs become better T-cell
activators by this treatment.

Active immunotherapy Active immunotherapeutic ap-
proaches aim at inducing or boosting immune effector cells
in vivo through the administration of immune mediators or
cells capable of activating the immune system. One method
uses adoptive transfer of T cells after expansion and/or acti-
vation ex vivo (66). This approach of adoptive T-cell transfer to
eradicatemalignancies is rather challenging (67),mainly owing
to the relatively small amount or absence of TILs in tumor
tissue and peripheral blood CTLs. However, adoptive transfer
with ex vivo expanded autologous T cells engineered with TCR
or chimeric antigen receptor could then be a promising
alternative when tumor antigens are known (68). Although
antigen-specific cell transfer precludes their limited presence
by the inhibitory effect of the immunosuppressive environ-
ment, there are limitations to the antigen diversity and spec-
ificity of these cells.

The aim of immunotherapy is to specifically enhance the
immune response directed to the tumor. Therefore, defined
TAA epitopes have been used to vaccinate patients with
NSCLC (68); however, this approach is limited by the relatively
low number of identified specific peptides for lung cancer and
by the requirement of MHC typing. By using the whole TAA
protein for immunization, the need of peptide identification
may be circumvented. These proteins can be taken up by the
APCs and endogenously processed into epitopes for pre-
sentation to T cells, among others. However, as antigens are
taken up from the tumor cells, the above mentioned antigen
specificity limitation is precluded. Therefore, the applica-
tion of DC in therapeutic cancer treatment holds promise,
but as described above, the function of APCs in vivo is
hampered (69). DCs can be stimulated in vivo, but the
clinical efficacy of this stimulation was found to be limited.
However, it is possible to stimulate DCs ex vivo and then
inject them into the patient. Recently, in metastatic castra-
tion-resistant prostate cancer, ex vivo cultured DC-based
immunotherapy prolonged survival (70), providing evidence
for cell-based immunotherapeutic agents in solid tumors.
The disadvantages of DC-based immunotherapy are that it
is laborious and expensive. However, properly stimulated
DCs will activate diverse cell types and can generate CTLs
with multiple specificities when loaded with broad-spec-
trum antigens.
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Future Perspectives
At present, immunotherapy is taking its first steps into lung

cancer treatment. The immune system has an extremely
complex way of acting on signals with activating and suppres-
sing interactions between cells and consists ofmany regulatory
mechanisms. Certainly, in patients with cancer, the tumor
influences this complex interplay. Therefore, theoretical and
preclinical data cannot be automatically transferred to
patients with cancer.

In this review, we have described the most important
mechanisms hampering an effective antitumor T-cell
response. It is evident that approaches to increase T-cell
expansion, homing, and effector functionswhile simultaneous-
ly targeting immunosuppression are needed. Preclinical and
clinical studies on immunotherapy mostly aim at one specific
cell type, thereby neglecting the complex interplay between the
different cell types.

Both in lung cancer and in mesothelioma, we and others
have shown that immunotherapeutic approaches increase the
activation of the good-natured immune system of the patient
determined through a number of different laboratory techni-
ques. To determine the clinical impact of this laboratory
measurement is rather difficult. For clinical studies, it is
difficult to determine the efficacy of immunotherapy, as
reviewed by Madan and Gulley (70).

The complex interplay between tumor cells, the different
immune cells, and the patient has only been acknowledged in
the past few years. The objective in this would also be to
maximally influence the tumor microenvironment with min-
imal systemic effects.

In our view, failure to prime the effector T cells can be
circumvented by DC vaccination or adaptive T-cell therapy.
To prevent blockade of the effector T cells, these therapies
can best be combined with immunomodulatory antibodies
like CTLA-4 or approaches that influence the immunosup-
pressive cell types. The best combination of treatment will
depend on tumor- and patient-specific circumstances in
time.

Consequently, immunomodulatory antibodies should be
administered when tumor-specific CTLs are present. If the
number of CTLs is insufficient, they should either be induced
by immunotherapy and/or by decreasing the immunosuppres-
sive environment. Preclinical studies by our group support the
concept that modulating the immunosuppressive environ-
ment in combination with therapies that simultaneously stim-
ulate effector cells has clinical potential (63, 71).

Conclusions
The role of modulating the immune system of the patient in

the treatment of lung cancer is evolving. Studies to increase
CTL activity in lung cancer showed benefit in a subset of
patients. We anticipate that effective immunomodulatory
treatment is associated with high numbers of CTLs as well as
optimal functional activity. Both characteristics are influenced
by the systemic as well as the local immunosuppressive
environment that is created by tumors.

To maximize the clinical applicability of immunomodula-
tory antibodies, future strategies must initially be aimed at
increasing CTLs both in number and functionality and min-
imizing their impairment by the immunosuppressive
environment.

Disclosure of Potential Conflicts of Interest
J. Aerts has received honoraria for service on the speakers' bureau and is a

consultant/advisory board member of Roche. No potential conflicts of interest
were disclosed by the other author.

Authors' Contributions
Conception and design: J. Aerts
Development of methodology: J. Aerts
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): J. Aerts
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): J. Aerts
Writing, review, and/or revision of the manuscript: J. Aerts, J. Hegmans
Administrative, technical, or material support (i.e., or organizing data,
constructing databases): J. Aerts

Received October 13, 2012; revised January 1, 2013; accepted January 28, 2013;
published OnlineFirst April 10, 2013.

References
1. Brahmer JR, Tykodi SS, Chow LQ, HwuWJ, Topalian SL, Hwu P, et al.

Safety and activity of anti-pd-l1 antibody in patients with advanced
cancer. N Engl J Med 2012;366:2455–65.

2. Lynch TJ, Bondarenko I, Luft A, Serwatowski P, Barlesi F, Chacko R,
et al. Ipilimumab in combinationwith paclitaxel and carboplatin as first-
line treatment in stage IIIb/IV non-small-cell lung cancer: results from a
randomized, double-blind, multicenter phase II study. J Clin Oncol
2012;30:2046–54.

3. Reck M, Bondarenko I, Luft A, Serwatowski P, Barlesi F, Chacko R,
et al. Ipilimumab in combinationwith paclitaxel and carboplatin as first-
line therapy in extensive-disease-small-cell lung cancer: results from a
randomized, double-blind, multicenter phase 2 trial. Ann Oncol
2013;24:75–83.

4. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDer-
mott DF, et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med 2012;366:2443–54.

5. Chouaib S. Integrating the quality of the cytotoxic response and tumor
susceptibility into the design of protective vaccines in tumor immu-
notherapy. J Clin Invest 2003;111:595–7.

6. Thomas A, Hassan R. Immunotherapies for non-small-cell lung cancer
and mesothelioma. Lancet Oncol 2012;13:e301–10.

7. Hegmans JP, Veltman JD, Lambers ME, de Vries IJ, Figdor CG,
Hendriks RW, et al. Consolidative dendritic cell-based immunotherapy
elicits cytotoxicity against malignant mesothelioma. Am J Respir Crit
Care Med 2010;181:1383–90.

8. Stampfli MR, Anderson GP. How cigarette smoke skews immune
responses to promote infection, lung disease and cancer. Nat Rev
Immunol 2009;9:377–84.

9. Ogino S, Galon J, Fuchs CS, Dranoff G. Cancer immunology–analysis
of host and tumor factors for personalized medicine. Nat Rev Clin
Oncol 2011;8:711–9.

10. Cornelissen R, Heuvers ME, Maat AP, Hendriks RW, Hoogsteden
HC, Aerts JG, et al. New roads open up for implementing
immunotherapy in mesothelioma. Clin Dev Immunol 2012;2012:
927240.

11. Cavallo F, De Giovanni C, Nanni P, Forni G, Lollini PL. 2011: the
immune hallmarks of cancer. Cancer Immunol Immunother 2011;60:
319–26.

Aerts and Hegmans

Cancer Res; 73(8) April 15, 2013 Cancer Research2386

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/8/2381/2696255/2381.pdf by guest on 19 M

ay 2023



12. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating
immunity's roles in cancer suppression and promotion. Science
2011;331:1565–70.

13. White JR, Harris RA, Lee SR, Craigon MH, Binley K, Price T, et al.
Genetic amplification of the transcriptional response to hypoxia as a
novel means of identifying regulators of angiogenesis. Genomics
2004;83:1–8.

14. Brimnes MK, Svane IM, Johnsen HE. Impaired functionality and
phenotypic profile of dendritic cells from patients with multiple mye-
loma. Clin Exp Immunol 2006;144:76–84.

15. Dong R, Cwynarski K, Entwistle A, Marelli-Berg F, Dazzi F, Simpson E,
et al. Dendritic cells fromCMLpatients have altered actin organization,
reduced antigen processing, and impairedmigration. Blood 2003;101:
3560–7.

16. Jia J, Wang Z, Li X, Wang X. Morphological characteristics and co-
stimulatory molecule (CD80, CD86, CD40) expression in tumor infil-
trating dendritic cells in human endometrioid adenocarcinoma. Eur J
Obstet Gynecol Reprod Biol 2012;160:223–7.

17. Pinzon-Charry A, Ho CS, Maxwell T, McGuckin MA, Schmidt C,
Furnival C, et al. Numerical and functional defects of blood dendritic
cells in early- and late-stage breast cancer. Br J Cancer 2007;97:
1251–9.

18. Yanagimoto H, Takai S, Satoi S, Toyokawa H, Takahashi K, Terakawa
N, et al. Impaired function of circulating dendritic cells in patients with
pancreatic cancer. Clin Immunol 2005;114:52–60.

19. Yang W, Yu J. Immunologic function of dendritic cells in esophageal
cancer. Dig Dis Sci 2008;53:1739–46.

20. Zeng Z, Xu X, Zhang Y, Xing J, Long J, Gu L, et al. Tumor-derived
factors impaired motility and immune functions of dendritic cells
through derangement of biophysical characteristics and reorganiza-
tion of cytoskeleton. Cell Motil Cytoskeleton 2007;64:186–98.

21. Ananiev J, Gulubova MV, Manolova IM. Prognostic significance of
cd83 positive tumor-infiltrating dendritic cells and expression of tgf-
beta 1 in human gastric cancer. Hepatogastroenterology 2011;58:
1834–40.

22. Gulubova MV, Ananiev JR, Vlaykova TI, Yovchev Y, Tsoneva V,
Manolova IM. Role of dendritic cells in progression and clinical out-
come of colon cancer. Int J Colorectal Dis 2012;27:159–69.

23. Kashimura S, Saze Z, Terashima M, Soeta N, Ohtani S, Osuka F, et al.
Cd83(þ) dendritic cells and foxp3(þ) regulatory t cells in primary
lesions and regional lymph nodes are inversely correlated with prog-
nosis of gastric cancer. Gastric Cancer 2012;15:144–53.

24. Krawczyk P, Wojas K, Milanowski P, Rolinski J. Myeloid and lymphoid
dendritic cells and cytotoxic T lymphocytes in peripheral blood of non-
small cell lung cancer patient–a pilot study. Adv Med Sci 2006;51:
160–3.

25. Abusamra AJ, Zhong Z, Zheng X, Li M, Ichim TE, Chin JL, et al. Tumor
exosomes expressing fas ligand mediate CD8þ t-cell apoptosis.
Blood Cells Mol Dis 2005;35:169–73.

26. Chouaib S, Messai Y, Couve S, Escudier B, Hasmim M, Noman MZ.
Hypoxia promotes tumor growth in linking angiogenesis to immune
escape. Front Immunol 2012;3:21.

27. Mougiakakos D, Choudhury A, Lladser A, Kiessling R, Johansson CC.
Regulatory t cells in cancer. Adv Cancer Res 2010;107:57–117.

28. Wei S, Kryczek I, Zou W. Regulatory t-cell compartmentalization and
trafficking. Blood 2006;108:426–31.

29. Chaturvedi V, Collison LW, Guy CS, Workman CJ, Vignali DA. Cutting
edge: human regulatory t cells require il-35 tomediate suppression and
infectious tolerance. J Immunol 2011;186:6661–6.

30. Thornton AM, Shevach EM. CD4þCD25þ immunoregulatory T cells
suppress polyclonal t cell activation in vitro by inhibiting interleukin 2
production. J Exp Med 1998;188:287–96.

31. Hawrylowicz CM, O'Garra A. Potential role of interleukin-10-secreting
regulatory T cells in allergy and asthma. Nat Rev Immunol 2005;5:
271–83.

32. Woo EY, Chu CS, Goletz TJ, Schlienger K, Yeh H, Coukos G, et al.
Regulatory CD4(þ)CD25(þ) T cells in tumors from patients with early-
stage non-small cell lung cancer and late-stage ovarian cancer. Can-
cer Res 2001;61:4766–72.

33. Okita R, Saeki T, Takashima S, Yamaguchi Y, Toge T. CD4þCD25þ
regulatory T cells in the peripheral blood of patients with breast cancer
and non-small cell lung cancer. Oncol Rep 2005;14:1269–73.

34. Suzuki K, Kachala SS, Kadota K, Shen R, Mo Q, Beer DG, et al.
Prognostic immunemarkers in non-small cell lung cancer. Clin Cancer
Res 2011;17:5247–56.

35. Dimitrakopoulos FI, Papadaki H, Antonacopoulou AG, Kottorou A,
Gotsis AD, Scopa C, et al. Association of foxp3 expression with non-
small cell lung cancer. Anticancer Res 2011;31:1677–83.

36. Tao H, Mimura Y, Aoe K, Kobayashi S, Yamamoto H, Matsuda E, et al.
Prognostic potential of foxp3 expression in non-small cell lung cancer
cells combined with tumor-infiltrating regulatory T cells. Lung Cancer
2012;75:95–101.

37. Li H, Zhao H, Yu J, Su Y, Cao S, An X, et al. Increased prevalence of
regulatory T cells in the lung cancermicroenvironment: a role of thymic
stromal lymphopoietin. Cancer Immunol Immunother 2011;60:
1587–96.

38. Sharma S, Yang SC, Zhu L, Reckamp K, Gardner B, Baratelli F, et al.
Tumor cyclooxygenase-2/prostaglandin e2-dependent promotion of
foxp3 expression and CD4þ CD25þ T regulatory cell activities in lung
cancer. Cancer Res 2005;65:5211–20.

39. Zou W. Regulatory T cells, tumour immunity and immunotherapy. Nat
Rev Immunol 2006;6:295–307.

40. Byrne WL, Mills KH, Lederer JA, O'Sullivan GC. Targeting regulatory T
cells in cancer. Cancer Res 2011;71:6915–20.

41. Almand B, Clark JI, Nikitina E, van Beynen J, English NR, Knight SC,
et al. Increased production of immature myeloid cells in cancer
patients: a mechanism of immunosuppression in cancer. J Immunol
2001;166:678–89.

42. Gallina G, Dolcetti L, Serafini P, De Santo C, Marigo I, Colombo MP,
et al. Tumors induce a subset of inflammatory monocytes with immu-
nosuppressive activity on CD8þ T cells. J Clin Invest 2006;116:
2777–90.

43. Watanabe S, Deguchi K, Zheng R, Tamai H, Wang LX, Cohen PA,
et al. Tumor-induced CD11bþGr-1þ myeloid cells suppress T cell
sensitization in tumor-draining lymph nodes. J Immunol 2008;181:
3291–300.

44. Lu T, RamakrishnanR, Altiok S, Youn JI, ChengP, Celis E, et al. Tumor-
infiltrating myeloid cells induce tumor cell resistance to cytotoxic T
cells in mice. J Clin Invest 2011;121:4015–29.

45. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al.
Inhibition of dendritic cell differentiation and accumulation of myeloid-
derived suppressor cells in cancer is regulated by s100a9 protein.
J Exp Med 2008;205:2235–49.

46. Hoechst B, Ormandy LA, Ballmaier M, Lehner F, Kruger C, Manns MP,
et al. A new population of myeloid-derived suppressor cells in hepa-
tocellular carcinoma patients inducesCD4(þ)CD25(þ)foxp3(þ) T cells.
Gastroenterology 2008;135:234–43.

47. Pan PY, Ma G, Weber KJ, Ozao-Choy J, Wang G, Yin B, et al. Immune
stimulatory receptor CD40 is required for T-cell suppression and T
regulatory cell activation mediated by myeloid-derived suppressor
cells in cancer. Cancer Res 2010;70:99–108.

48. Finke J, Ko J, Rini B, Rayman P, Ireland J, Cohen P. MDSC as a
mechanism of tumor escape from sunitinib mediated anti-angiogenic
therapy. Int Immunopharmacol 2011;11:856–61.

49. Ostrand-Rosenberg S. Myeloid-derived suppressor cells: more
mechanisms for inhibiting antitumor immunity. Cancer Immunol
Immunother 2010;59:1593–600.

50. Youn JI, Gabrilovich DI. The biology of myeloid-derived suppressor
cells: the blessing and the curse of morphological and functional
heterogeneity. Eur J Immunol 2010;40:2969–75.

51. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol 2009;9:
162–74.

52. Rodriguez PC, Ochoa AC. Arginine regulation by myeloid derived
suppressor cells and tolerance in cancer:mechanismsand therapeutic
perspectives. Immunol Rev 2008;222:180–91.

53. Bronte V, Zanovello P. Regulation of immune responses by l-arginine
metabolism. Nat Rev Immunol 2005;5:641–54.

Cytotoxic T-Cell Activity in Lung Cancer

www.aacrjournals.org Cancer Res; 73(8) April 15, 2013 2387

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/8/2381/2696255/2381.pdf by guest on 19 M

ay 2023



54. Ostrand-Rosenberg S, Sinha P, Beury DW, Clements VK. Cross-talk
between myeloid-derived suppressor cells (mdsc), macrophages, and
dendritic cells enhances tumor-induced immune suppression. Semin
Cancer Biol 2012;22:275–81.

55. LiuCY,WangYM,WangCL, FengPH, KoHW, LiuYH, et al. Population
alterations of l-arginase- and inducible nitric oxide synthase-
expressed CD11bþ/CD14/CD15þ/CD33þmyeloid-derived suppres-
sor cells and CD8þ T lymphocytes in patients with advanced-stage
non-small cell lung cancer. J Cancer Res Clin Oncol 2010;136:35–45.

56. Apetoh L, Vegran F, Ladoire S, Ghiringhelli F. Restoration of anti-
tumor immunity through selective inhibition of myeloid derived
suppressor cells by anticancer therapies. Curr Mol Med 2011;11:
365–72.

57. Kao J, Ko EC, Eisenstein S, Sikora AG, Fu S, Chen SH. Targeting
immune suppressing myeloid-derived suppressor cells in oncology.
Crit Rev Oncol Hematol 2011;77:12–9.

58. Ugel S, Delpozzo F, Desantis G, Papalini F, Simonato F, SondaN, et al.
Therapeutic targeting of myeloid-derived suppressor cells. Curr Opin
Pharmacol 2009;9:470–81.

59. Lee JM, Seo JH, Kim YJ, Kim YS, Ko HJ, Kang CY. The restoration of
myeloid-derived suppressor cells as functional antigen-presenting
cells byNKT cell help and all-trans-retinoic acid treatment. Int JCancer
2011;131:741–51.

60. Tu SP, Jin H, Shi JD, Zhu LM, Suo Y, Lu G, et al. Curcumin induces the
differentiation of myeloid-derived suppressor cells and inhibits their
interaction with cancer cells and related tumor growth. Cancer Prev
Res (Phila) 2012;5:205–15.

61. Roth F, De La Fuente AC, Vella JL, Zoso A, Inverardi L, Serafini P.
Aptamer-mediated blockade of il4ralpha triggers apoptosis of MDSCs
and limits tumor progression. Cancer Res 2012; 72:1373–83.

62. Vincent J, Mignot G, Chalmin F, Ladoire S, Bruchard M, Chevriaux A,
et al. 5-fluorouracil selectively kills tumor-associated myeloid-derived
suppressor cells resulting in enhanced T cell-dependent antitumor
immunity. Cancer Res 2010;70:3052–61.

63. Veltman JD, Lambers ME, van Nimwegen M, Hendriks RW, Hoog-
steden HC, Aerts JG, et al. Cox-2 inhibition improves immunotherapy
and is associated with decreased numbers of myeloid-derived sup-
pressor cells in mesothelioma. Celecoxib influences MDSC function.
BMC Cancer 2010;10:464.

64. Serafini P, Meckel K, Kelso M, Noonan K, Califano J, Koch W, et al.
Phosphodiesterase-5 inhibition augments endogenous antitumor
immunity by reducing myeloid-derived suppressor cell function. J Exp
Med 2006;203:2691–702.

65. DeSantoC, Serafini P,Marigo I, Dolcetti L, BollaM,Del SoldatoP, et al.
Nitroaspirin corrects immune dysfunction in tumor-bearing hosts and
promotes tumor eradication by cancer vaccination. Proc Natl Acad Sci
U S A 2005;102:4185–90.

66. SunZ,Shi L, ZhangH,ShaoY,WangY, LinY, et al. Immunemodulation
and safety profile of adoptive immunotherapy using expanded autol-
ogous activated lymphocytes against advanced cancer. Clin Immunol
2011;138:23–32.

67. Tey SK, Bollard CM, Heslop HE. Adoptive T-cell transfer in cancer
immunotherapy. Immunol Cell Biol 2006;84:281–9.

68. Chinnasamy N, Wargo JA, Yu Z, Rao M, Frankel TL, Riley JP, et al. A
TCR targeting the HLA-A�0201-restricted epitope of Mage-a3 recog-
nizes multiple epitopes of the Mage-a antigen superfamily in several
types of cancer. J Immunol 2011;186:685–96.

69. Schneider T,HoffmannH,DienemannH,Schnabel PA, EnkAH,RingS,
et al. Non-small cell lung cancer induces an immunosuppressive
phenotype of dendritic cells in tumor microenvironment by upregulat-
ing b7-h3. J Thorac Oncol 2011;6:1162–8.

70. Madan RA, Gulley JL. Therapeutic cancer vaccine fulfills the prom-
ise of immunotherapy in prostate cancer. Immunotherapy 2011;3:
27–31.

71. Veltman JD, LambersME, van NimwegenM, de Jong S, Hendriks RW,
Hoogsteden HC, et al. Low-dose cyclophosphamide synergizes with
dendritic cell-based immunotherapy in antitumor activity. J Biomed
Biotechnol 2010;2010:798467.

Aerts and Hegmans

Cancer Res; 73(8) April 15, 2013 Cancer Research2388

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/8/2381/2696255/2381.pdf by guest on 19 M

ay 2023


