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Lung cancer remains the leading cause of cancer-related death worldwide. The advent of
immune checkpoint inhibitors has led to a paradigm shift in the treatment of metastatic non-
small cell and small cell lung cancer. However, despite prolonged overall survival, only a
minority of the patients derive clinical benefit from these treatments suggesting that the full
anti-tumoral potential of the immune system is not being harnessed yet. One way to
overcome this problem is to combine immune checkpoint blockade with different strategies
aimed at inducing or restoring cellular immunity in a tumor-specific, robust, and durable
way. Owing to their unique capacity to initiate and regulate T cell responses, dendritic cells
have been extensively explored as tools for immunotherapy in many tumors, including lung
cancer. In this review, we provide an update on the nearly twenty years of experience with
dendritic cell-based immunotherapy in lung cancer. We summarize the main results from
the early phase trials and give an overview of the future perspectives within this field.

Keywords: dendritic cell, cancer vaccine, lung cancer, immunotherapy, tumor antigen, immune
checkpoint blockade
INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality worldwide, with 1.8 million deaths
estimated in 2018 (1). Non-small cell lung cancer (NSCLC) represents 85% of all cases, while small
cell lung cancer (SCLC) accounts for approximately 15% of all lung cancers. Treatment depends on
tumor stage at diagnosis and comprises surgery, radiotherapy and chemotherapy in early stages, and
Abbreviations: Ad, adenovirus; AE, adverse event; AKT, activated killer T cell; APC, antigen presenting cell; ATRA, all-trans
retinoic acid; CEA, carcinoembryonic antigen; CIK, cytokine-induced killer cell; CR, complete response; CRC, colorectal
cancer; CRT, chemoradiotherapy; CTA, cancer-testis antigen; CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T lymphocyte-
associated antigen 4; DC, dendritic cell; DCTCMF, dendritic cell/T cell-derived maturation factor; DTH, delayed-type
hypersensitivity; ELISPOT, enzyme-linked immune absorbent spot; G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte/macrophage colony-stimulating factor; HR, hazard ratio; HER2, human epidermal growth factor receptor 2; HLA,
human leucocyte antigen; ICB, immune checkpoint blocker/blockade; IFN, interferon; IL, interleukin; i.d., intradermal; i.v.,
intravenous; JAK, Janus kinase; KHL, keyhole limpet hemocyanin; MAGE, melanoma Antigen; MDSC, myeloid-derived
suppressor cell; MHC, major histocompatibility complex; MST, median survival time; MUC1, mucin 1; NSCLC, non-small cell
lung cancer; ORR, objective response rate; OS, overall survival; PBMC, peripheral blood monocyte; PD, progressive disease;
PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; PGE2,
prostaglandin E2; PR, partial response; QOL, quality of life; RCT, randomized controlled trial; RT, radiotherapy; s.c.,
subcutaneous; SCLC, small cell lung cancer; SD, stable disease; SOCS1, suppressor of cytokine signaling 1; TAA, tumor-
associated antigens; TLR, toll-like receptor; TME, tumor microenvironment; TNF, tumor necrosis factor; TNM, tumor node
metastasis; Treg, t-regulatory; TRT, thoracic radiotherapy; WT1, wilms tumor protein 1.
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palliative treatments in metastatic disease. Since almost three
quarter of the patients are diagnosed with stage III or IV disease
and a significant number of patients relapse systemically after a
curative treatment, prognosis remains poor with an estimated 5-
year overall survival (OS) of only 18% (2).

Immune checkpoint blockade with drugs that target the
programmed cell death protein pathway (PD-1/PD-L1) has
changed the therapeutic landscape of locally advanced and
metastatic lung cancer. Several randomized controlled trials
have shown promising results with checkpoint inhibitors alone
(3), or in combination with chemotherapy (4–7). PD-1/PD-L1
inhibitors such as nivolumab, pembrolizumab and atezolizumab
are now approved for the first and second line treatment of
metastatic NSCLC (without actionable driver mutations) and
SCLC, and as a maintenance treatment after chemoradiotherapy
in inoperable stage III NSCLC (durvalumab). In addition, trials
with checkpoint inhibitors as adjuvant or neo-adjuvant therapy
in resectable lung cancer are now underway and the results are
eagerly awaited.

Despite better outcomes in terms of OS, only a minority of the
patients derive clinical benefit from these treatments. In
metastatic NSCLC, more than 40% to 50% of the subjects do
not respond to immune checkpoint blockade when given in the
first line (3, 4, 6). In the second or higher line setting, the
objective response rate (ORR) is even lower (< 20%) (8–11).
These results suggest that the full anti-tumoral potential of the
immune system is not being harnessed yet, possibly explained by
immune evasion mechanisms developed by the tumor to escape
from immune destruction (12, 13). One way to overcome this
problem is to combine immune checkpoint inhibition with other
strategies aimed at inducing or restoring cellular immunity such
as cancer vaccination (14, 15).

The goal of therapeutic cancer vaccines is to instruct the
patient’s own immune system to kill cancer cells and to induce
immunological memory against later disease relapse (16–18). In
contrast to immune checkpoint blockade, which impacts the full
T cell repertoire including self-reactive lymphocytes which
translates into substantial toxicity, cancer vaccines expose the
patient’s immune system to a unique selection of relevant
antigenic targets resulting in a highly tumor-focused immune
response (17, 18). A limitation of this strategy is that the ability of
such vaccines to activate patient’s T cells depends on the
characteristics and level of activation of local dendritic cells
(DCs), which are frequently dysfunctional in patients with
advanced cancer (17). Hence, vaccines by themselves have
failed to show any clinical benefit in NSCLC so far (19–23).

Cell-based approaches that involve patient’s ex vivo-generated
antigen presenting cells (APCs) such as DC-based vaccines avoid
the reliance on endogenous APCs and are nowadays one of the
most advanced forms of cancer immunotherapy (17). DCs, first
identified by Ralph Steinman in 1973 (24), are recognized as the
most potent APCs and play a pivotal role in the initiation,
programming, and regulation of tumor-specific immune
responses (25, 26). They are seeded in all tissues and
continuously sample their environment for danger signals and
antigens such as those derived from evolving cancer cells. DCs are
Frontiers in Immunology | www.frontiersin.org 2
unique in initiating de novo immune responses by processing the
captured antigen to peptides and presenting these peptides to
naive T cells in lymphoid tissues on major histocompatibility
complex (MHC) molecules (26, 27).

Classical DC-based “vaccines” consist of DCs derived in vitro
from autologous peripheral blood monocytes (PBMCs), exposed
to activating factors for maturation and subsequently loaded
with tumor-associated antigens (TAAs) (Figure 1) (28). These
cells are then injected into the patient, a process that has been
repeatedly shown to be safe and feasible (27, 29). Alternatively,
naturally circulating DCs can be isolated and activated thereby
avoiding lengthy ex vivo culture periods (30). The selection of
tumor antigens for loading onto DCs is crucial to maximize the
likelihood of eliciting a strong and tumor-directed immune
response. Different sources of TAAs can be used and include
cancer cell line lysate, whole tumor lysate, tumor-derived
peptides, (synthetic) protein antigen(s), mRNA(s) encoding
selected tumor antigen(s), autologous whole-tumor-derived
mRNA or antigens packaged within viral vectors (18, 29, 31).
CLINICAL USE OF DCS IN ONCOLOGY:
TRACK RECORD AND CRITICAL
FACTORS

In the field of cancer medicine, DC vaccination has been
extensively studied in melanoma patients, as well as in patients
with prostate cancer, glioma and renal cell carcinoma, with a
favorable safety profile (i.e., no grade 3 or 4 toxicities), but with an
ORR that seldom exceeds 15% (32–34). Paradoxically, findings
from early-phase trials indicate that DC vaccination might
improve survival, advocating implementation of alternative
surrogate endpoints to assess the therapeutic effectiveness of
DC-based immunotherapy (32).

Still, a major gap exists between the large amount of preclinical
data on the exceptional immunogenic power of DCs, and the
modest clinical effects in treated cancer patients. The evolving
insights into the complex biology of the DC system confront us
with a staggering list of parameters that should be adjusted in order
to achieve optimal clinical usability. These parameters not only
relate to “tweakable” biological properties of the cells, but also to
more down-to-earth aspects such as route of administration, dose
and frequency of administration, integration into a combinatorial
approach, manufacturing, distribution logistics, and costs.

Perhaps one of the most critical factors in DC therapy, yet least
systematically investigated is the choice of antigenic targets. This
component varies considerably between clinical studies within the
same cancer indication, with antigen selections largely made
empirically in absence of any solid underlying rationale. Cancer
antigens fall into the following different classes: 1) mutated
antigens or neo-antigens originating from genomic alterations in
cancer cells (single-nucleotide variations and indels), 2) cancer-
germline (formerly cancer-testis) antigens whose expression is
epigenetically suppressed in normal tissues except for gonadal
cells, placenta and many cancers, 3) “differentiation” antigens,
which are self-proteins shared between the cancer and the normal
February 2021 | Volume 11 | Article 620374
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tissue from where it originated (e.g., CD20, Melan-A, PSA, CEA),
4) overexpressed shared antigens, which are present in normal
tissues and aberrantly overexpressed in tumor cells (e.g., HER2,
survivin, WT1), and finally viral oncoproteins, which are
expressed in certain virus-induced cancers (e.g., HPV-E6/E7,
EBV LMP-1). In addition, some tumor antigens derive their
immunogenicity by means of aberrant post-translational
modifications, as is the case for the MUC-1 glycoprotein where
the tumor-restricted form is strongly hypo-glycosylated. Of all
these categories, neo-antigens, cancer-germline antigens and viral
oncoproteins are the most attractive targets for DC-based
immunotherapy given the highest cancer-restricted expression,
and the fact that the natural T cell repertoire has not been tolerized
against them. Regardless of the type of antigen used, a major
caveat is that studies or databases documenting mRNA expression
in a given tumor often do not provide information on protein
levels. Moreover, protein expression does not guarantee adequate
presentation of antigen-derived peptides on MHC molecules, and
if presented, whether these peptides will find a corresponding T
cell repertoire with sufficient affinity.

Lung cancer (both NSCLC and SCLC), being a textbook
example of a carcinogen-induced tumor, frequently features a
high tumor mutational burden, offering opportunities for
neoantigen-targeted vaccination approaches. Lung cancers are
also rich in cancer-germline antigens [e.g., MAGE-A3 (22)], a
number of differentiation antigens (e.g., CEA), and overexpressed
shared antigens (e.g., survivin, WT1, MUC1), all being present in
variable amounts across different patients. Viral oncoproteins are
typically absent in human lung cancers. As we will discuss in the
Frontiers in Immunology | www.frontiersin.org 3
next section, the large majority of completed DC therapy trials in
lung cancer made use of shared or tumor-associated antigens
(TAAs), a few of the studies also incorporated cancer-germline
antigens, and none of the published reports have described a
patient-individualized neoantigen approach to date.
DC-BASED IMMUNOTHERAPIES
IN LUNG CANCER

In lung cancer, the role of DC-based immunotherapy has yet to be
defined. Since the early 2000s, several, mostly non- randomized
clinical trials (RCTs) with DC immunotherapy have been
conducted, each typically involving a small number of patients
and very heterogeneous designs. Over the same timeframe, the
lung cancer therapeutic landscape has experienced dramatic
changes, with the emergence of oncogene-targeted small
molecules, and later immune checkpoint inhibitors. In this
review we aim to give an overview of these DC therapy trials
which we categorized into four parts: DC therapy in NSCLC, DC/
CIK cell therapy in NSCLC, AKT-DC therapy in NSCLC, and DC
therapy in SCLC (Tables 1 and 2). We will examine the clinical
and immunological outcome as well as safety of DC-based
immunotherapy in lung cancer, while also discussing the
potential challenges of the different vaccine approaches such as
the choice of antigens and DC subset, the use of adjuvants and the
route, dose and frequency of administration. Next, we will give
some future perspectives in how DCs might be used in
clinical practice.
FIGURE 1 | Generic recipe of classical monocyte-derived dendritic cells (DCs). Monocytes are obtained from the patient’s peripheral blood and cultured with IL-4
and GM-CSF to generate immature DCs. These cells are subsequently exposed to activating factors for maturation and loaded with tumor-associated antigens
(TAAs). The antigen-loaded DCs are then cryopreserved and injected back into the patient. Different sources of TAAs can be used and include cancer cell line lysate,
whole tumor lysate, tumor-derived peptides, (synthetic) protein antigen(s), mRNA(s) encoding selected tumor antigen(s), autologous whole-tumor-derived mRNA, or
antigens packaged within viral vectors.
February 2021 | Volume 11 | Article 620374
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TABLE 1 | Overview of trials with dendritic cell (DC)-based immunotherapy in lung cancer.

formulation Vaccination protocol

a) 2 vaccinations
b) 1-month interval
c) i.v. injection
d) Maximum dose of 109 cells per
vaccination
a) 10 vaccinations
b) 2-week interval
c) i.d. and s.c. injection at the same site
in the inguinal region
d) Total dose of 2.7 × 107 cells to 1.6 ×
108 cells
e) IFN-a and TNF-a

r RNA a) 4 vaccinations
b) 4-week interval
c) i.v. and i.d.
d) 3 × 106 cells (i.v.) and 1 × 106 cells
(i.d.) per vaccination
a) 3 to 12 vaccinations
b) 2-week interval
c) s.c. or intrapleural
d) 4–10 × 106 cells per vaccination

neic NSCLC cell
/neu, CEA, WT1,

a) 2 vaccinations
b) 1-month interval
c) i.d. injection in the thigh
d) Average dose of 9.1 × 107 and 8.2 ×
107 cells per vaccination respectively
a) Median number of 9 vaccinations
(range, 5–39)
b) 2-week interval
c) i.d. and s.c. injection at the same site
in the inguinal region
d) 0.5–5 × 107 cells per vaccination

malignant pleural a) 6 vaccinations
b) 1-week interval for the first 4
vaccinations, then twice biweekly
c) i.n. injection under sonographic
guidance
d) Dose not mentioned

and a triad of
EA(6D)-TRICOM)

a) 4 (first cohort) or 8 vaccinations
(second cohort)
b) triweekly
c) s.c. and i.d. injection in the same limb
d) Dose not mentioned
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S
tevens

et
al.

D
C
Therapy

in
Lung

C
ancer

Frontiers
in

Im
m
unology

|
w
w
w
.frontiersin.org

February
2021

|
Volum

e
11

|
A
rticle

620374
4

Reference Study population N Trial phase DC subset Maturation
factors

Antigen selection and

DC therapy in NSCLC
Fong et al. (35) Metastatic CRC or NSCLC

expressing CEA
12 (2 with
NSCLC)

Phase 1 Flt3-mobilized
circulating DCs
Mature

N/A CEA peptide

Itoh et al. (36) Metastatic digestive tract or
lung cancer expressing CEA

10 (2 with
lung cancer)

Phase 1 moDCs
Immature

N/A CEA peptide

Nair et al. (37) Metastatic cancer 3 (1 with
NSCLC)

Phase 1 moDCs
Immature

N/A CEA RNA or autologous tumo

Kontani et al. (38) Advanced or metastatic
breast or lung cancer

14 (8 with
lung cancer)

Phase 1 moDCs
Mature

N/A MUC1 antigen or tumor lysate

Hirschowitz et al.
(39, 40)

Stage I-IIIB NSCLC 16 Phase 1 moDCs
Mature

DCTCMF
IFN-g

Apoptotic bodies of an alloge
line that overexpressed HER2
MAGE-2, and survivin

Ueda et al. (41) Metastatic gastrointestinal
or lung adenocarcinoma
expressing CEA

18 (5 with
lung cancer)

Phase 1 moDCs
Immature

N/A CEA peptide

Chang et al. (42) Stage IV NSCLC with
malignant pleural effusion

8 Phase 1 moDCs
Mature

TNF-a Tumor cell lysate derived from
effusion specimens

Morse et al. (43) Metastatic cancer
expressing CEA

14 (3 with
NSCLC)

Phase 1 moDCs
Immature

N/A Fowlpox virus encoding CEA
costimulatory molecules (rF-C
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TABLE 1 | Continued

ion Vaccination protocol

C cell
, WT1,

a) 2 vaccinations
b) 1-month interval
c) i.d. injection in the thigh
d) Average dose of 8.2 × 107 and 7.9 ×
107 cells per vaccination respectively
a) 3 vaccinations
b) 3-week interval
c) i.v. injection
d) Median dose of 6.2 × 107 cells per
vaccination
e) IL-2, INF-a and GM-CSF
a) 3 vaccinations and after verification of
tolerability 2 subsequent vaccinations
b) 2-week interval for the first 3
vaccinations and 1-month interval for the
subsequent 2 vaccinations
c) i.d. injection
d) Maximum dose of 12 × 106 cells per
vaccination
a) 2 vaccinations
b) 2-week interval
c) s.c. and i.v. injection in separate arms
d) 5 × 107 cells per vaccination

gens
A-A

a) Median number of 10 vaccinations
(range, 4–31)
b) Biweekly
c) i.d. injection near the axillar and/or
inguinal lymph nodes
d) 1 × 107 cells per vaccination
a) Number of vaccinations not mentioned
b) 3-week interval
c) i.d. injection
d) Average dose of 1 × 107 cells per
vaccination
a) Median number of 7 vaccinations
(range, 5–34)
b) Biweekly
c) i.d. injection near the axillar and/or
inguinal lymph nodes
d) 1 × 107 cells per vaccination
e) OK-432
a) 2 vaccinations
b) 1-month interval
c) i.d.
d) 9.1 × 107 cells and 8.2 × 108 cells per
vaccination respectively
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Reference Study population N Trial phase DC subset Maturation
factors

Antigen selection and formula

Hirschowitz et al.
(44)

Stage I-IIIB NSCLC 14 Phase 1 moDCs
Immature

N/A Apoptotic bodies of an allogeneic NSC
line that overexpressed HER2/neu, CEA
MAGE-2, and survivin

Mayordomo J et al.
(45)

Metastatic cancer 15 (2 with
NSCLC)

Phase 1 moDCs
Immature

N/A Autologous tumor lysate

Um et al. (46) Stage IIIB-IV NSCLC 15 Phase 1 moDCs
Mature

TNF-a
IL-1
IL-6
PGE2

Autologous tumor lysate

Perroud et al. (47) Stage IIIB-IV NSCLC 5 Phase 1 moDCs
Mature

IFN-g WT1 peptide
CEA peptide
MAGE-1 peptide
HER-2 peptide

Takahashi et al. (48) Locally advanced or
metastatic NSCLC

62 Retrospective
analysis

moDCs
Mature

OK-432
PGE2

Autologous tumor lysate or peptide ant
(WT1, MUC1, CEA) according to the H
pattern.

Hu et al. (49) Stage IIIB-IV NSCLC 27 Phase 1 moDCs
Immature

N/A Autologous tumor lysate

Takahashi et al. (50) Locally advanced or
metastatic NSCLC

260 Retrospective
analysis

moDCs
Mature

OK-432
PGE2

WT1 peptide
MUC1 peptide

Li et al. (51) Stage I-IIIB NSCLC 16 Phase 1 moDCs
Mature

IL-1b
IL-6
TNF-a
IFN-g
PGE2
Poly I:C

rMAGE-3 peptide
rSurvivin peptide
t

L

i
L
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TABLE 1 | Continued

ion Vaccination protocol

a) 2 vaccinations
b) 1-week interval
c) CT- or bronchoscopy guided i.t.
injection
d) Maximum dose of 3 × 107 cells per
vaccination
a) range, 1–42 vaccinations
b) 2-week interval
c) s.c. injection
d) 1 × 107 cells per vaccination
a) 3 vaccinations
b) 1-week interval
c) i.v. injection
d) 1 × 106,1 × 107 or 8 × 107 cells per
vaccination

a) 4 vaccinations
b) 1-month interval
c) i.v. injection
d) Average dose of 13 × 109 cells per
vaccination
a) 4 vaccinations
b) 1-month interval
c) i.v. injection
d) Average dose of 8.1 × 106 cells per
vaccination
a) 4-vaccinations
b) 1-week interval
c) s.c. injection
d) Dose not mentioned
a) 4 vaccinations
b) 1-month interval
c) i.v. injection
d) Average dose of 12.5 × 109 cells per
vaccination
a) 8 vaccinations
b) 1-week interval
c) s.c. injection
d) Dose not mentioned

cell a) 4 vaccinations
b) 1-week interval
c) s.c. (DC) and i.v. injection (DC/CIK)
d) 1.5 × 107 cells per vaccination
a) 4 vaccinations
b) 3-week interval
c) i.v. injection
d) Dose not mentioned
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Reference Study population N Trial phase DC subset Maturation
factors

Antigen selection and formula

Lee et al. (52) Stage III-IV NSCLC 16 Phase 1 moDCs
Immature

N/A Viral vector (Ad.CCL21-DC)

Teramoto et al. (53) Stage IIIB-IV NSCLC 40 Retrospective
analysis

moDCs
Mature

OK-432 MUC1 peptide

Ge et al. (54) Resected stage I-IIIA
NSCLC

15 Phase 1 moDCs
Mature

Flagellin
SOSC1-
specific small
interfering RNA

MUC1 peptide
Survivin peptide

DC/CIK therapy in NSCLC
Li et al. (55) Stage I-IIIA NSCLC 84 (42

received DC/
CIK)

Phase 1/2 moDCs
Mature

N/A Autologous tumor lysate

Zhong et al. (56) Stage IIIB-IV NSCLC
expressing CEA

28 (14
patients
received DC/
CIK)

Phase 1/2 moDCs
Immature

N/A CEA peptide

Shi et al. (57) Stage IIIB-IV NSCLC 60 (30
patients
received DC/
CIK)

RCT moDCs
Mature

GM-CSF
TNF
IL-6

N/A

Yang et al. (58) Stage IIIB-IV NSCLC 102 (61
patients
received DC/
CIK)

Paired cohort
study

moDCs
Immature

N/A Autologous tumor lysate

Shi et al. (59) Stage IIIB-IV NSCLC with
EGFR exon 19 and/or 21
mutation

54 (26
patients
received DC/
CIK)

RCT moDCs
Immature

N/A Autologous tumor lysate

Zhao et al. (60) Resected stage I-III NSCLC
(arm 1) or metastatic
NSCLC (arm 2)

50 Phase 1 moDCs
Mature

TNF-a Human A549 or SK-MES-1 lung cance
lysate

Zhu et al. (61) Stage IIIB NSCLC 65 (30
received DC/
CIK)

RCT moDCs
Mature

TNF-a None
t

r
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TABLE 1 | Continued

mulation Vaccination protocol

C-A-1 lung a) 6 vaccinations
b) 1-week interval
c) i.v. injection (first 3 doses) and i.d.
injection (last 3 doses)
d) 1 × 107 cells per vaccination
a) 4 vaccinations
b) 1-week interval
c) s.c. injection
d) 1 × 107 cells per vaccination

cancer cell a) 5 vaccinations within 2 weeks per
cycle
b) 12-24 week-interval (1–2 cycles) or 4–
12 week interval (3–5 cycles)
c) i.v. (DC/CIK) and s.c. injection (DC)
d) 20 × 106 cells per vaccination
a) Median number of 12 vaccinations
(range, 3–26)
b) 1-week interval for the first 4 doses,
then 2-week interval thereafter
c) i.v. injection
d) Average dose of 8.8 × 109 cells per
vaccination

a) Median number of 11 courses (range,
2–18)
b) 2-month interval
c) i.v. injection
d) Mean dose of 7.07 × 109 cells per
course
e) IL-2
a) Median number of 15 courses
b) 1-month interval for the first 6 months,
and 2-month interval thereafter
c) i.v. injection
d) Mean dose of 10, 2 × 109 cells per
course

a) 3 vaccinations and if no PD after
reassessment 3 subsequent vaccinations
b) 2-week interval for the first 3
vaccinations and 4-week interval for the
subsequent 3 vaccinations
c) i.d. injection
d) Maximum dose of 5 × 106 cells per
vaccination
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Reference Study population N Trial phase DC subset Maturation
factors

Antigen selection and fo

Zhang et al. (62) Stage IIIB-IV NSCLC 99 Retrospective
analysis

moDCs
Immature

N/A Human SK-MES-1 and human S
cancer cell lysate

Zhang et al. (63) Stage III-IV NSCLC 82 (21
received DC/
CIK)

Phase 2 moDCs
Mature

TNF-a MUC1 peptide

Song et al. (64) Resected stage IIB-IIIA
NSCLC

169 Phase 2 moDCs
Mature

N/A Human A549 or SK-MES-1 lung
lysate

Chen et al. (65) Advanced solid tumors 37 (5 with
NSCLC)

Phase 1 moDCs
Mature

TNF-a N/A

AKT-DC therapy in NSCLC
Kimura et al. (66) Resected stage III-IV

NSCLC with N2 disease
31 Phase 2 DCs obtained

from tissue
cultures of TDLNs
Mature

N/A N/A

Kimura et al. (67,
68)

Resected stage IB-IV
NSCLC

103 (50
received AKT-
DC)

Phase 3 RCT DCs obtained
from tissue
cultures of TDLNs
Mature

N/A N/A

DC therapy in SCLC
Chiappori et al. (69) Extensive disease SCLC 54 Phase 1/2 moDCs

Mature
N/A p53

viral vector
(Ad.p53)
r

P
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DC Therapy in NSCLC
The earliest study in this field was performed by Fong and
coworkers in patients with metastatic or recurrent cancer who
had abnormal or rising serum carcinoembryonic antigen (CEA)
levels (35). CEA is a 180-kDa membrane intercellular adhesion
glycoprotein that is overexpressed in several malignancies
including NSCLC. Twelve patients with either colorectal cancer
(CRC) or NSCLC underwent peripheral blood leukapheresis
after prior administration of Flt3 ligand, a hematopoietic
growth factor known to expand DCs in vivo. DCs were
subsequently harvested and loaded with a nonapeptide derived
from a human leucocyte antigen (HLA)-A0201-specific peptide
of CEA, as well as with keyhole limpet hemocyanin (KLH), a
protein with adjuvant properties that also allows to monitor
therapy-induced immune responses. Patients were injected
intravenously (i.v.) with progressively increasing doses of
antigen-exposed DCs with a maximum of 109 cells. Adverse
events (AEs) were mild self-limited rigors and fever (7/12), as
well as mild diarrhea (5/12). Vaccination elicited a CEA-specific
immune response in seven patients. Two out of twelve patients
experienced dramatic tumor regression, one patient had a mixed
response, and two had stable disease (SD). Clinical responses
correlated significantly with the expansion of CD8+ T cells.

A similar CEA-targeted DC vaccination strategy was used by
the group of Itoh and Ueda et al. (36, 41). The first study enrolled
ten patients with advanced digestive tract or lung cancer
expressing CEA (36). PBMCs were harvested from peripheral
blood by leukapheresis after five days of priming with
granulocyte colony-stimulating factor (G-CSF) and cultured
with granulocyte/macrophage colony-stimulating factor (GM-
CSF) and interleukin 4 (IL-4) to generate DCs. The DCs showed
an immature phenotype and were loaded with CEA652, a
nonapeptide restricted to HLA-A24, which is present in 60%
of the Japanese population. Patients received repeated
intradermal (i.d.) and subcutaneous (s.c.) injections up to a
cumulative dose ranging from 2.7 × 107 to 1.6 × 108 DCs.
Seven patients also received adjuvant interferon-alpha (IFN-a)
and tumor necrosis factor-alpha (TNF-a) twice a week during
the vaccination period. No severe toxicity was observed. A
positive response to delayed-type hypersensitivity (DTH) skin
test was seen in two patients. One of the two demonstrated also a
CEA-specific immune response. Two patients, of which one with
stage IV lung cancer, had SD for 6 and 9 months respectively,
associated with a continuous decrease of serum CEA in the first
patient. Clinical and immunological responses were only
observed in patients treated with adjuvant use of IFN-a and
TNF-a so it is not known whether these responses could be
attributed to the DC vaccine. In a follow-up study, 18 patients
(five patients with lung cancer) were enrolled and treated using
the same immunization protocol, without cytokine adjuvants
(41). The vaccine was well tolerated and no toxicity was
observed. Although no tumor shrinkage occurred in any
patient, long-term SD or marked decreases in the serum
CEA level were observed in some subjects. A positive skin
response to CEA652-pulsed DCs and a positive in vitro
cytotoxic T-lymphocyte (CTL) response to CEA652 peptide
T
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TABLE 2 | Clinical and immunological outcomes of dendritic cell (DC)-based immunotherapy in lung cancer.

Reference Safety ORR* Survival Immune response Comments

bjective responses were observed in 2 patients, both
ith CRC.

continuous decrease of serum CEA was observed in
patient with lung cancer.
wo patients had SD (1 patient with lung cancer).
linical and immunological responses were only
bserved in patients treated with adjuvant use of INF-a
nd TNF-a.

wo patients with lung cancer had a PR.
he patients who acquired tumor-specific immunity
esponded to treatment, i.e., reduction in tumor marker
evels and disappearance of malignant pleural effusions.
avorable and unfavorable clinical outcomes were
ndependent of measured immunologic responses.
ive patients had disease recurrence or progression of
hich 3 patients died of PD.

hree of the 5 patients with lung cancer had prolonged
nd/or marked decreases in serum CEA levels after
herapy.
wo patients had SD.
he 2 patients who had longer disease control also had
etter T cell responses.
ne patient had a significant decrease in the CEA level
nd a minor regression in a retroperitoneal and
upraclavicular adenopathy. Five other patients were
table trough at least one cycle of immunization.

ive patients had disease recurrence or progression of
hich 3 patients died of progressive disease.
hree of 5 patients with PD showed no immunological
esponse.
even patients, of which 1 with NSCLC, had SD for > 3
onths, and 7 other patients had PD. Time to
rogression ranged from 0 to 10 months with a median
f 3 months.
here were mixed responses that fulfill PD definition but
emonstrated some clinical benefit in 2 patients.
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DC therapy in NSCLC
Fong et al. (35) Grade 1 or 2 transfusion

reaction in 7 patients
Grade 1 or 2 diarrhea in 5
patients

0/2 (0%) N/A CEA-specific CD8+ T cell immunity was seen in 7/12
patients (58.3%).

Itoh et al. (36) Grade 1 local reaction at
the injection site in 2
patients

0/2 (0%) N/A A positive response to DTH skin test was seen in 2/
10 patients (20%) of which 1 patient with lung cancer.
A CEA-specific CTL response was seen in 1/10
patients (10%).

Nair et al. (37) No toxicities 0/1 (0%) N/A A CEA specific and tumor antigen-specific CTL
response was seen in the patient with NSCLC. The
tumor specific immune response was greater than the
CEA specific immune response.

Kontani et al. (38) Fever in 7 patients 2/8 (25%) The MST was significantly longer in
MUC positive patients versus MUC
negative patients (16.8 vs. 3.8
months; p = 0.0101)

A positive response to DTH skin test was seen in 5/9
patients (55.6%).
A MUC1-specific CTL response was seen in 3/7
patients (42.9%).

Hirschowitz et al.
(39, 40)

No serious AEs
Grade 1 local reaction at
the injection site in 10
patients
Grade 1 fatigue in 3
patients

N/A N/A An antigen-specific immune response was seen in 6/
16 patients (37.5%).

Ueda et al. (41) No toxicities 0/5 (0%) Survival time ranged from 3 to 46+
months with a median of 8 months.

A positive response to DTH skin test was seen in 5/
11 patients (45.5%). A CEA-specific CTL response
was seen in 6/11 patients (54.5%).

Chang et al. (42) No grade 2 to 4 AEs 1/8
(12.5%)

N/A Minor to moderate increases in T cell responses
against tumor antigens were observed in 6/8 patients
(75%).

Morse et al. (43) No grade 3 or 4 AEs 0/3 (0%) N/A A CEA-specific immune response among both CD4+
and CD8+ T cells was seen in all evaluable patients
(100%).
There was a trend for a greater peak frequency of
CEA-specific T cells among those with either a minor
response or SD.

Hirschowitz et al.
(44)

Local reactions at the
injection site in most
subjects (not specified)

N/A N/A A clear immune response was seen in 9/14 patients
(64.2%).

Mayordomo et al.
(45)

Fever in 6 patients
Asthenia in 11 patients

0/2 (0%) Survival time ranged from 0 to 29+
months with a median of 7 months.

A positive response to DTH skin test was seen in 9/
15 patients (60%)

Um et al. (46) No grade 3 or 4 AEs
Grade 1 fever in 1 patient

0/8 (0%) N/A An increase in the percentage of CD8+ cells
expressing INF-g was seen in 5/9 patients (55.6%).
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TABLE 2 | Continued

Comments

the last dose of the vaccine, the time to disease
ression ranged between 1 and 82 days.

dard chemotherapy regimens were continued in 36
nts during DC vaccination.
was seen in 50% of the patients.

er survival was found in patients with ECOG-PS 0
and in patients who received > 5 vaccinations.

(71.4%) patients received DC vaccines combined
simultaneous chemotherapy.
nts with an adenocarcinoma had a significantly
r prognosis compared to other subtypes (MST
months vs. 8.8 months; p = 0.003).
rythema reaction at the injection site that was ≥

m in diameter was correlated most strongly with
rom the first vaccine (MST 20.4 vs. 8.8 months;
.001).
tients had disease recurrence or progression of
h 3 patients died of stage IV NSCLC.

as seen in 25% of patients at day 56

her MST was seen in patients receiving > 6
inations, in patients with adverse events, and in
nts with higher percentage of peripheral
hocytes.
DCR in the group of patients that had received 6
inations was 42.9%.
patients showed 15% and 64% decrease in CEA
CYFRA21 respectively.
vaccination with the maximum dose significantly
oved QOL when administered at the highest dose.
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Reference Safety ORR* Survival Immune response

Perroud et al. (47) Grade 2 fatigue and chills
in 1 patient

N/A Survival time ranged from 82 to
277 days from the last dose of the
vaccine with a median of 112 days.

An improvement in the specific immune response
after immunization was seen in all patients (100%) but
was short lasting.

Fro
pro

Takahashi et al. (48) No serious AEs
Grade 1 fever in 13
patients
Grade 2 fever in 2 patients
Grade 1 local reaction at
the injection site in 26
patients

5/62
(8.1%)

MST = 12 months N/A Sta
pati
DCR
Bet
or 1

Hu et al. (49) Grade 1 fever in 5 patients 3/27
(11.1%)

Median OS = 10.5 months
Median PFS = 4.5 months

N/A

Takahashi et al. (50) N/A 29/260
(11.2%)

MST = 13,8 months
The survival rates from the first
vaccination were 53.5% after 1
year, 36.1% after 2 years, and
8.8% after 5 years.

N/A 185
with
Pat
bett
15.3
An
30
OS
p<0

Li et al. (51) No serious AEs
Grade 1 temporary
exanthema in 1 patient
Grade 1 pruritus in 3
patients
Grade 1 chills in 1 patient
Grade 1 fever in 1 patient
Grade 1 fatigue in 1
patient

0/16 (0%) Survival rates from DC therapy was
mentioned in three patients and
ranged from 6 to 12 months.

A positive response to DTH skin test was seen in all
patients (100%).
There was a significant increase in INF-g expression
on day 60 vs. day 0.
There was an increasing trend in the mean CD4:CD8
values between day 30 and day 90.

5 p
whi

Lee et al. (52) Grade 1 flu-like symptoms
in 1 patient
Grade 1 hemoptysis after
each injection in 1 patient
Grade 1 nausea in 1
patient
Grade 1 fatigue in 1
patient

N/A MST = 3.9 months A systemic response against TAA’s was seen in 6/16
patients (37.5%).
Tumor CD8+T cell infiltration was induced in 54% of
subjects.
Patients with increased CD8+T cells following
vaccination showed significantly increased PD-L1
mRNA expression.

SD

Teramoto et al. (53) Fever in 16 patients
Local reaction at the site
in 6 patients
Acute lung injury in 1
patient

0/28 (0%) MST = 7.4 months MUC1-specific cytotoxic immune responses were
seen in 7/7 patients (100%).

A h
vac
pati
lym
The
vac

Ge et al. (54) No serious AEs
Grade 1–2 fever in 6
patients
Grade 1–2 fatigue in 5

N/A N/A A significant decrease in CD3+ CD4+ CD25+ Foxp3+
T regulatory cell number and increase in TNF-a and
IL-6 were seen in 2/15 patients (13.3%).
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TABLE 2 | Continued

Comments

e low dose group: 1 patient had no recurrence, 1
nt had PD and 1 patient had died
middle dose group: all 3 patients had no

rrence.
e high dose group: 1 patient had died, 1 patient
PD and 7 patients had no recurrence.

2-year DFS in the immune-CT group (75.6 ± 7.2%)
higher than that in the CT-group (65.3 ± 8.0%) but
was no significant difference.

unotherapy was started 1 month after
otherapy in the chemoimmunotherapy group.

e chemoimmunotherapy group, CEA level
eased in 3 patients, and remained stable in 9
nts.
median time to progression in de
oimmunotherapy group was 6.9 months (95% CI:

8.8) and 5.2 months (95% CI: 3.3-6.0) in the
otherapy group (p = 0.03).

e was no significant difference in the survival rate
een the adenocarcinoma and squamous
inoma patients.
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Reference Safety ORR* Survival Immune response

patients
Grade 1–2 myalgia in 6
patients
Grade 1–2 chills in 1
patient

In th
pati
In d
recu
In th
had

DC/CIK therapy in NSCLC
Li et al. (55) No grade 3 or 4 AEs N/A The 2-year OS was significantly

increased in the immune-CT group
comparing to the non-
immunotherapy group (p<0.05).

An increased production
of cytokines that have known anti-tumor effects was
seen, including IFN-g, TNF-a and TNF-b, in patients
who had no progression, but they were not found in
patients who developed recurrence.

The
was
ther
Imm
che

Zhong et al. (56) Grade 1–3 skin toxicity in
9 patients
Grade 1–4 fever in 10
patients

N/A There was no statistically difference
in OS between the
chemoimmunotherapy group and
chemotherapy group (p = 0.18).

N/A In th
dec
pati
The
che
5.0-
che

Shi et al. (57) Fever in 4 patients 1/30
(3.3%)

The PFS was significantly increased
in the DC/CIK cell group compared
to the control group (3.2 vs. 2.56
months; p<0.05).

After treatment, an increase in NK-cells, CD3+ and
CD4+ T cells was seen, and a decrease in CD8+
cells.

Yang et al. (58) No serious AEs 11/61
(18%)

The 1- and 2-year OS rates were
57.2 and 27% in the
chemoimmunotherapy group and
were significantly higher than in de
chemotherapy group (p<0.05).

A significant increase in the secretion of INF-g and
TNF-a was seen, and a decrease in TGF-b.
An enhanced antitumor activity was seen, as well as
an increased CD3+CD56+ cell ratio.

The
betw
carc

Shi et al. (72) Fever in 3 patients
Rash in 14 patients
Diarrhea in 9 patients

N/A The PFS was significantly longer in
the DC/CIK plus erlotinib group
compared to the erlotinib group
(5.02 vs. 3.98 months; p<0.05).
There was no statistically significant
difference in median OS between
both groups (p = 0.29).

An increase in the levels of CD3+, CD4+ and CD8+ T
cells was found after therapy in the DC/CIK plus
erlotinib group, but not in the erlotinib group.

Zhao et al. (60) N/A N/A N/A The serum concentrations of the Th2 cytokines (IL-4
and IL-10) in tumor-bearing patients were significantly
higher than those with resected NSCLC before
immunotherapy.
The post-therapy Th1 cytokine (INF-g) level in patients
with resected NSCLC significantly increased from the
pre-therapy level. In tumor-bearing patients,
significantly enhanced post-therapy Th2 cytokine (IL-4
and IL-10) levels were found.

Zhu et al. (61) Grade 1-2 fever in 5
patients

25/30
(83.5%)

1-year OS was significantly higher
in the treatment group than in the
control group (83.3% vs. 60.6%;
p<0.05).

A significant increase of CD3+, CD4+ and CD4+/CD8
+ was seen in the treatment group, but not in the
control group.
e
e
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TABLE 2 | Continued

Comments

hed patients (N = 408) with NSCLC that did not
ive DC-CIK acted as the control group.

urrence rate was lower in the ≥ 3 cycles group
pared to < 3 cycles group (p = 0.022).

ng patients with NSCLC, SD was seen in 1 patient.

5-year survival rate of the group that received
0 × 1010 cells was better than the group that
ived less (80.8% vs. 38,5%).

her OS was seen in patients ≤ 55 years (HR
98), male patients (HR 0.474), patients with
ocarcinoma (HR 0.479), patients with stage III
er (HR 0.399) and patients who did not receive
perative chemotherapy (HR 0.0483).

nts with a positive immune response had a trend
rds improved survival.
% of the patients with a positive immune response
a clinical response to 2nd line chemotherapy

(Continued)
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Zhang et al. (62) Grade 1-2 fever in 30
patients
Grade 3 fever in 6 patients
Grade 1-2 skin rash in 7
patients

N/A The OS time was significantly
increased in comparing to the non-
immunotherapy group (p = 0.03).

A positive response to DTH skin test was seen in 59
patients (60.8%).

Mat
rece

Zhang et al. (63) Grade 1-2 fever in 5
patients
Grade 1-2 anorexia in 3
patients
Grade 1-2 nausea in 3
patients
Grade 1-2 radiation
pneumonitis in 4 patients
Grade 3 radiation
pneumonitis in 3 patients

10/21
(47.6%)

The median PFS was significantly
longer in the DC/CIK group than in
the control group (330 days vs.
233 days; p = 0.0483).
There was no difference in median
OS between both groups (p =
0.606).

No difference was seen in the serum levels of IL-2 and
INF-g in the two groups both before and after thoracic
radiotherapy.
No changes were seen in the levels of CD8+ cells or
CD4+ cells. A tendency of a decrease in de CD4+/
CD8+ T cell ratio was seen in the control group.

Song et al. (64) N/A N/A N/A Decreased levels of circulating Tregs and related
immunosuppressive cytokines were seen after
increased cycles of DC/CIK treatment.

Rec
com

Chen et al. (65) Grade 3-4 AEs in 2
patients
Grade 1-2 fever in 8
patients
Grade 3-4 fever in 1
patients
Grade 1-2 chills in 2
patients
Grade 3-4 chills in 1
patients

7/31
(22.5%)

OS = 270 days PD-L1 expression was induced on autologous tumor
cells by tumor-reactive DC-CIK cells and elevated
IFN-g secretion was seen.

Am

AKT-DC therapy in NSCLC
Kimura et al. (66) Fever in 78.0% of the

courses
Chills in 83.4% of the
courses
Fatigue in 23.0% of the
courses
Nausea in 17.0% of the
courses

N/A The 2- and 5-year OS rates were
88.9% and 52.9% respectively.

N/A The
> 5
rece

Kimura et al., (67,
68)

Fever in 6.2% of the
courses
Chills in 6.8% of the
courses

N/A The 2- and 5-year OS rates were
96.0% and 69.4% in group A and
64.7% and 45.1% in group B,
respectively, with a HR of 0.474.

The CD8+/CD4+ T cell ratio was higher in the
survivors than in the deceased (p = 0.0013).

A h
0.00
ade
can
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Chiappori et al. (69) Grade 1 arthralgia and

myalgia in 9 patients
Grade 2 arthralgia in 1
patient
Grade 1 fatigue in 5

2/54
(3.7%)

The MST from first vaccination was
8.8 months.

A significant p53-specific immune response was seen
in 18/43 patients (41.2%).
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after therapy were seen in most of the patients in whom
treatment was clinically effective.

Other studies also selected CEA as the antigen of choice
for active immunotherapy with DCs. A phase 1 trial included
one patient with metastatic lung adenocarcinoma who
underwent four monthly immunizations with autologous DCs
transfected with CEA-encoding RNA and total tumor RNA (37).
Both CEA-specific and tumor-specific CTL immune responses
were seen, of which the latter were greater. The authors conclude
that RNA-transfected DCs can induce antigen-specific
T cell responses in cancer patients with surgically resected
malignancies. Morse and coworkers investigated the safety and
clinical and immunological efficacy of a DC vaccine modified
with a recombinant Fowlpox vector encoding CEA and a triad of
stimulatory molecules [rF-CEA(6D)-TRICOM], injected both
i.d. and s.c. (43). 14 patients with metastatic CEA-expressing
malignancies were enrolled, of which three with NSCLC. There
were no treatment-related grade 3 or 4 AEs. One patient
had a significant decrease in the CEA level and a minor
regression in a retroperitoneal and supraclavicular adenopathy.
Five other patients were stable through at least one cycle of
immunization. A CEA-specific immune response among both
CD4+ and CD8+ T cells was seen in all evaluable patients. There
was a trend towards a greater peak frequency of CEA-specific T
cells among those with either a minor response or a SD.

Kontani et al. evaluated the clinical effects of a DC vaccine
targeting the TAA mucin 1 (MUC1) in 14 patients with advanced
or metastatic breast or lung cancer (38). MUC1 is a glycoprotein
that is markedly hypoglycosylated in cancer compared to normal
tissues, leading to the exposure of immunogenic epitopes (73).
PBMCs were collected from peripheral blood samples and
supplemented with IL-4 and GM-CSF. Subsequently, DCs were
loaded with MUC1 peptides or tumor lysate obtained from
malignant pleural effusion specimens of the patients. DCs were
then injected s.c. in the supraclavicular region or intrapleurally, at
least three times at 2-week intervals. Fever occurred in seven
patients. After vaccination, all the evaluable patients with MUC1-
positive cancer acquired antigen-specific immunity compared to
only one patient with MUC1-negative cancer. Reductions in
tumor sizes or tumor marker levels or disappearance of
malignant pleural effusion were seen in seven of nine MUC1-
positive cancers. The survival of MUC1-positive patients was
significantly longer compared to MUC1-negative patients (16.8
vs. 3.8 months; p = 0.0101). The authors conclude in this study
that this tumor antigen can elicit a strong immune response and
that DC vaccines targeting MUC1, which is expressed in 60% of
the lung cancer patients, are a promising immunotherapy in the
treatment of cancer (38). Of note, similar signals of clinical efficacy
were observed with other MUC1-targeted vaccine approaches in
NSCLC (20, 74).

Some important conclusions can be drawn from the different
studies mentioned above. First, DC therapy containing one TAA
is well tolerated with only minor side effects observed. For CEA-
targeted DC vaccination studies, this is reassuring given the
severe pulmonary toxicity observed with CEA-specific CAR T
cell therapy, which is related to the expression of this antigen on
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normal pulmonary epithelium (75). Second, this vaccination
approach appears to elicit an antigen-specific, T cell-mediated
immune response in a substantial fraction of lung cancer patients,
despite a number of obstacles: 1) the use of a shared TAA for which
high levels of immunological tolerance must be overcome, 2) the
injection of immature DCs in some trials, and 3) the climate of
systemic immune suppression in the advanced cancer patients
enrolled. Yet, clinical responses were rare, possibly explained by
the fact that only one tumor antigen was targeted. A limitation
of peptide-based formulations is that they are HLA-restricted,
which necessitates patient selection. This is not the case for other
antigen formulations such as mRNA encoding antigens or tumor
lysates that were used in some other trials. A remarkable
observation from these studies is also that prior mobilization
with Flt3 ligand or G-CSF could expand the number of DCs
produced. However, because it was not assessed whether higher
DC doses also yielded stronger immune responses, the benefit of
mobilization of the donor in the DC manufacturing process
remains unclear.

In contrast to the aforementioned trials enrolling different
tumor types, the first DC vaccination trial exclusively in NSCLC
patients was performed by Hirschowitz et al. (39, 40). In this trial,
multiple TAAs were targeted simultaneously. Autologous DC
vaccines were delivered to 16 individuals with stage IA to IIIB
NSCLC treated with surgery, chemoradiation, or multimodality
therapy. DCs were generated from CD14+ precursors and pulsed
with apoptotic bodies of an allogeneic NSCLC cell line that
overexpressed human epidermal growth factor receptor 2
(HER2/neu), CEA, wilms tumor protein 1 (WT1), and survivin.
Interestingly, DCs were only “partially”matured. Patients received
two i.d. vaccines with 1 month apart (average dose of 9.1 × 107 and
8.2 × 107 cells per immunization respectively). AEs were limited to
a mild skin reaction at the injection site (10/16) and minor fatigue
for one to two days after injection (3/16). Of the 16 patients, six
showed an antigen-specific response and five showed a tumor-
antigen independent response. Five individuals had documented
disease recurrence or progression of which three succumbed to the
disease. One individual with stage IB NSCLC developed a solitary
brain metastasis 2 months following the initial vaccine and had no
evidence of disease 15 months following metastasectomy. Two
patients with unresectable stage III NSCLC showed no signs of
disease progression at 35 and 23 months from chemoradiation,
respectively. The aforementioned clinical outcomes were
independent of measured immunologic responses. The same
group conducted a continuation study with similar inclusion
criteria and immunization protocol, using an immature DC
vaccine (44). 14 patients were enrolled of which seven had
undergone surgical resection, with or without adjuvant therapy,
and seven with unresectable stage III who had been treated with
chemoradiation. Immunologic responses, measured by IFN-g
enzyme-linked immune absorbent spot (ELISPOT), were seen in
3/7 stage III unresectable, and 6/7 stage I/II surgically resected
patients. There were no AEs, except for local reactions in most
subjects. The authors conclude that immature DCs pulsed with
apoptotic tumor cells have similar biologic activity to a matured
DC preparation in a similar clinical protocol (44).
Frontiers in Immunology | www.frontiersin.org 14
Although clinical outcomes were difficult to interpret,
probably due to the heterogeneity of the patient population,
and not correlating with immunological responses, the studies of
Hirschowitz and colleagues have clearly indicated that DC
therapy following surgery, chemoradiation or multimodality
treatment is safe and can possibly find its role as an adjuvant
treatment. A remarkable observation from these clinical trials
was that immature DCs were able to elicit immune responses in
almost 2/3 of the patients, since it has been appreciated for a long
time that these DC subsets rather induce immune tolerance than
immune stimulation. A difference with the previous studies is
that an allogeneic tumor cell line was used to produce a
multivalent vaccine, targeting several TAAs. Yet, the antigenic
make-up of the cell line used may not be representative for each
patient’s tumor.

Further exploiting the idea of targeting multiple antigens,
Perroud and coworkers assessed the feasibility, safety and
immunologic response of a mature, antigen-pulsed autologous
DC vaccine loaded with peptides of WT1, CEA, HER2, and
Melanoma Antigen 1 (MAGE-1). The trial enrolled five patients
with inoperable stage IIIB and IVNSCLC (47).All patients received
prior conventional treatment (chemotherapy with or without
radiotherapy). PBMCs, obtained after leukapheresis, were
cultured in a medium with GM-CSF and IL-4, and subsequently
activated with IFN-g. Patients received two doses of 5 × 107 DCs
administered s.c. and i.v. two times at 2-week intervals. One patient
developed grade 2 fatigue and chills following the first dose of the
vaccine. A lymphoproliferation assay showed an improvement in
the specific immune response after immunization in all patients,
witha tendency towaneafter the secondvaccinedose. Survival from
the last dose of the vaccine ranged between 82 and 277 days. Three
patients had a longer survival time than expected for their tumor,
node and metastasis (TNM) classification. The fact that immune
responses were not long lasting possibly indicates that multiple
doses of the vaccine are required to achieve clinical efficacy.

Li et al. reported the results of a phase 1 trial enrolling 16
patients with stage I to IIIB NSCLC (51). All had no evidence of
progression at the time of enrollment and had completed
definitive therapy (surgical, medical or multimodal). DC
immunotherapy was generated from the patient’s PBMCs and
loaded with recombinant survivin and MAGE-3 peptides. To
induce DC maturation, a cytokine cocktail consisting of IL-1b,
IL-6, TNF-a, IFN-g, prostaglandin E2 (PGE2), and poly I:C had
been added to the culture. A prime immunotherapy (9.1 × 107

cells/dose) and a single boost (8.2 × 107 cells/dose) were
administered i.d. 1 month apart. AEs were grade 1 fever, chills
and fatigue in one patient, and grade 1 pruritus in three patients.
A positive response to DTH skin test was seen in all patients.
There was a significant increase in IFN-g expression on day 60
versus day 0. There was also an increasing trend in the mean
CD4:CD8 values between day 30 and day 90; however, the
increase was not statistically significant. In total, 5/16 patients
experienced disease recurrence or progression, of which three
patients succumbed to the disease.

An alternative approach to target multiple antigens
simultaneously is to load DCs with autologous tumor cells or
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cellular lysates. Chang et al. for example conducted a pilot trial
using mature DCs pulsed with necrotic tumor cells enriched from
malignant pleural effusion specimens (42). Eight patients with
advanced NSCLC were injected with antigen-loaded DCs into the
inguinal lymph nodes under ultrasound guidance. No major
toxicities occurred. Six patients received all six DC injections. Of
these, two patients had SD and one patient had a minor response.
Minor to moderate increases in T cell responses against tumor
antigens were observed after DC vaccination in six of eight
patients. The two patients who had a longer disease control also
developed better T cell responses. The immunological and clinical
effects of a DC vaccine pulsed with autologous tumor lysate was
also assessed by the groups of Mayordomo et al. (45) and Um et al.
(46). In the first study, 15 patients with metastatic cancer (two with
NSCLC) underwent mononuclear cell apheresis after prior
mobilization with GM-CSF. PBMCs were cultured with IL-4
and GM-CSF. DCs were then administered i.v. with a median
dose of 6.2 × 107 cells per vaccination. In addition, IL-2, IFN-a,
and GM-CSF were co-injected s.c. as an adjuvant for several days.
A positive response to DTH skin test was noted in 9/15 patients
after the first immunization. Seven patients, of whom one with
NSCLC, had SD for more than 3 months and seven other patients
experienced disease progression. AEs weremild and included fever
immediately after DC infusion in six patients and asthenia in
eleven patients. The second study enrolled exclusively subjects
with stage IIIB and IV NSCLC. DCs were again loaded with
autologous tumor lysate by a combination of electroporation and
passive loading. Autologous tumor samples were obtained from
bronchoscopic biopsies, surgical samples or lymph node biopsies.
The antigen-loaded immature DCs were subsequently activated
with TNF-a, IL-1, IL-6, and PGE2. In this phase 1 dose-escalation
study, 15 patients were assigned to cohorts that received 3, 6, or
12 × 106 DCs by i.d. injection. The maximum dose of the vaccine
was shown to be safe with only one patient experiencing low grade
fever. In 5/9 patients, the vaccine resulted in an increased IFN-g
production by peripheral blood CD8+ T cells. However, a
relationship between the immunological response and the
vaccination dose was not seen. Clinical responses were assessed
in eight patients. All had PD. Nevertheless, there were mixed
responses that fulfilled PD definition but demonstrated some
clinical benefit in two patients.

Again, clinical outcomes were disappointing. A possible
explanation is that most of the patients enrolled in these
studies suffered from relapsed or refractory cancer with often
bulky disease and a worse performance status, which is shown to
be less responsive to DC vaccination. Another potential concern
may be the high concentration of suppressive factors released
from the tumor cells, which may influence DC functionality.
Moreover, in the last study, the autologous tumor samples used
for making tumor lysate had been obtained before the initiation
of chemotherapy. Changes in the tumor antigenicity during
treatment could perhaps explain the low clinical efficacy.

In an attempt to circumvent the limitations of typically small
sample sizes in DC vaccination trials, the group of Takahashi and
coworkers conducted a pooled retrospective analysis of 62
patients from one center. The patients had previously treated
Frontiers in Immunology | www.frontiersin.org 15
inoperable or postoperatively relapsed NSCLC and received
activated DCs pulsed with either autologous tumor lysates or
peptide antigens (WT1, MUC1, CEA) matched to their HLA-A
type (48). The DCs were activated by in vitro exposure to OK-
432, which is a clinically approved lyophilized mixture of group
A Streptococcus pyogenes known to promote functional
maturation of DCs, including the capacity to secrete IL-12.
The vaccines were injected i.d. near the axillar and/or inguinal
lymph nodes with a median of 10 immunizations (range, 4–31).
Clinical responses were observed in five patients, of which one
patient with a complete response (CR). Another 26 patients
developed SD. Median survival time (MST) was 12 months from
the first DC vaccination. Of note, standard chemotherapy was
continued in 36 patients during DC vaccination. A better OS was
found in patients who received more than five vaccinations and
those with the best performance status. Multivariate analyses also
revealed that the use of WT1 peptides significantly affected OS
both from initial diagnosis and from the first vaccination.
Furthermore, no serious AEs related to the vaccine were
observed. In an extended analysis, 260 patients with locally
advanced or metastatic NSCLC at six centers were analyzed
(50). All had received five or more WT1 and/or MUC1 peptide-
pulsed DC vaccinations once every 2 weeks. In some patients,
OK-432 was co-administered i.d. as an immunological adjuvant
simultaneously with the vaccine. In the majority of the patients
(71.4%), DC vaccination was combined with chemotherapy.
MST from first vaccination was 13.8 months (95% CI 11.4–
16.8) with 8.8% being alive after five years. Patients with an
adenocarcinoma had a significantly better prognosis compared
with other subtypes (MST 15.3 vs. 8.8 months; p = 0.003). An
erythema reaction at the injection site that was ≥ 30 mm in
diameter was strongly correlated with OS from the first vaccine
(MST 20.4 vs. 8.8 months; p<0.001). Another Japanese group
retrospectively analyzed data of 40 patients with MUC1-positive
NSCLC treated with a MUC1-targeted and OK-432 activated
DC-vaccine, exploring predictive biomarkers for clinical
responses. All patients had stage IIIB-IV NSCLC that was
refractory to standard anticancer therapies (53). The vaccines
were injected s.c. in the axilla or supraclavicular fossa every 2
weeks until disease progression. Low-grade fever occurred in 16
patients and local skin reactions in six individuals. No patients
achieved an objective response. The MST after initial vaccination
was 7.4 months and the 1-year OS was 25%. Patients who
received more than six vaccinations had a longer MST and 1-
year OS (9.5 months and 39.3% respectively). Interestingly, in the
latter group, patients who developed immune-related AEs had a
significantly longer MST compared with patients without those
AEs (12.6 vs. 6.7 months; p = 0.042). In addition, longer survival
was also seen in patients with > 20% lymphocytes prior to
vaccination (12.6 vs. 4.5 months; p = 0.014). All seven patients
who had received six vaccinations and were evaluable for
immune responses showed an increase in MUC1-specific T
cells and a decrease in Tregs.

A major drawback of these studies is however their
retrospective design, limiting the interpretation of the results.
Since most of the patients also received simultaneous
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chemotherapy in the first two studies, and no control group was
applied, it is difficult to draw definite conclusions regarding the
clinical benefit of the vaccine. Furthermore, it was appreciated
that patients receiving more DC vaccines also had better survival
outcomes, which is of course interesting since the optimal DC
dose and frequency of administration is not yet determined.
However, this survival benefit could have been possibly
attributed to the better performance status of the patients in
the group treated with the highest cumulative dose.

Knowledge of negative feedback pathways controlling
inflammatory responses can be exploited to re-engineer DCs.
Based on this concept, Ge et al. evaluated the safety and efficacy
of a DC vaccine activated using the Toll-like receptor (TLR)
agonist flagellin, together with siRNA-mediated silencing of the
gene encoding for suppressor of cytokine signaling 1 (SOCS1)
(54). SOCS1 has been shown to be a negative regulator of DC
activation and IL-12 production, thus restricting the DC’s
capacity to break immunological tolerance. By analogy to other
trials, the DCs were pulsed with peptides of survivin and MUC1.
Just as MUC1, survivin is also frequently overexpressed in
NSCLC and contributes to oncogenesis. In this phase 1 dose-
escalation trial, 15 patients with resected stage I to III NSCLC
were i.v. injected with 1 × 106, 1 × 107, or the maximum dose of
1 × 108 DCs at days 7, 14, and 21. The most common AEs were
grade 1 flu-like symptoms, which occurred mostly in the group
immunized with the maximum dose of the vaccine. A significant
decrease in T-regulatory (Treg) cells and increase in TNF-a and
IL-6 were seen in two patients. Two patients also showed a 15%
and 64% decrease in CEA and CYFRA21, respectively.
Interestingly, the patients’ quality of life (QOL) was significantly
improved in the high-dose group, compared with the low-dose
and middle-dose group after treatment. More importantly, in the
long-term follow-up after more than four years, only two patients
had died, two patients had progressive disease (PD) and 11
patients had still no recurrence. With the use of SOCS1-
silencing, this trial is the first in lung cancer to explore targeted
genetic re-engineering of DCs to boost immunogenicity. This
manipulation did not translate into increased cytokine-mediated
toxicity. Still the added value of SOCS1-silencing in terms of
clinical outcome cannot be ascertained from this trial as there was
no comparator product treated with a control siRNA.

Based on preclinical evidence pointing to a possible synergistic
effect between chemotherapy and vaccination (as discussed
below), Hu et al. explored the combination of pemetrexed and
DCs pulsed with autologous tumor lysate in 27 patients suffering
from stage IIIB or IV lung adenocarcinoma who had failed on
maintenance gefitinib or erlotinib treatment after platinum-
doublet chemotherapy (49). PBMCs were enriched from a 50-ml
blood sample using density gradient centrifugation and
subsequently cultured in the presence of IL-4 and GM-CSF.
DCs were then given i.d. every 3 weeks at day 8 of each
chemotherapy cycle. Grade 1 fever after DC therapy was noted
in five patients. Other, mostly hematological, toxicities were
attributed to chemotherapy. Three patients (11.1%) experienced
a partial response (PR). The median progression-free survival
(PFS) was 4.5 months and the median OS 10.5 months, which is
Frontiers in Immunology | www.frontiersin.org 16
better than a previous trial with second line pemetrexed in
advanced NSCLC (76). Grade 1 fever after DC therapy was
noted in five patients. Other, mostly hematological, toxicities
were attributed to chemotherapy. This was the first study to
prospectively investigate the added value of DC therapy
combined with chemotherapy. However, since there was no
control group, the real value of DC vaccination in this setting
remains to be confirmed.

In contrast to all the trials using systemic injection of DCs, Lee
and coworkers explored the intratumoral injection in terms of
feasibility, safety and efficacy. In a phase 1 dose escalation study,
autologous DCs were administered intratumorally in 16 subjects
with stage IIIB and IV NSCLC (52). Interestingly, the DCs
were genetically modified by transduction with an adenoviral
(Ad) vector expressing the CCL21 gene (Ad-CCL21-DC).
CCL21 is a lymphoid chemokine that strongly attracts
effector T cells and DCs and hence facilitates entry into the tumor
and in situ vaccination. Endpoints were safety and tumor antigen-
specific immune responses. Patients enrolled into a given cohort
received the same Ad-CCL21-DC dose (1 × 106, 5 × 106, 1 × 107, or
3 × 107 cells/injection) by CT-guided or bronchoscopic intratumoral
injection on days 0 and 7. Three patients developed possibly
treatment-related AEs (flu-like syndrome, hemoptysis, nausea
and fatigue, all grade 1). Twenty-five percent of the patients had
SD at day 56. MST was 3.9 months. A systemic response against
TAAs was observed in six of 16 patients by means of an IFN-g
ELISPOT assay. Tumor CD8+ T cell infiltration was induced in 7/
13 subjects. Interestingly, intratumoral PD-L1 mRNA expression
increased significantly with increased CD8+ T cell infiltration
following vaccination. The authors of this study suggest that in
situ vaccination itself increases PD-L1 expression as a result of
antigen recognition andCD8+Tcell infiltrationat the tumor site. In
this way, vaccination may be an effective approach to enhance the
efficacyofPD-1/PD-L1 checkpoint inhibitors in “cold” tumorswith
lowPD-L1 expression and/or a lack ofCD8+T cell infiltration (52).
Still, the major question remains whether DC-induced T cell
infiltration and potential priming at one injected site will induce
Tcells capable ofhoming intoand controllingothermetastatic sites.

DC/CIK Cell Therapy in NSCLC
In recent years, the use of autologous DCs co-cultured with
cytokine-induced killer (CIK) cells has been the subject of
numerous trials in NSCLC, all of them conducted in the Far-
East region (77). CIK cells are a subset of non-MHC restricted
natural killer T-lymphocytes with a CD3+ CD56+ phenotype
that can proliferate rapidly in vitro and display strong cytolytic
activities against malignant cells (59). In DC/CIK therapy, the
DCs are derived from mononuclear cells obtained by
leukapheresis in typical GM-CSF/IL-4-supplemented medium
and loaded with antigens (autologous tumor lysate or peptides).
CIK cells are generated by culturing PBMCs in medium
supplemented with anti-CD3 antibody, recombinant human
IL-1a, IFN-g, and IL-2 (58).

DC/CIK cell therapy has been evaluated in diverse disease
settings: as adjuvant therapy combined with chemotherapy in
resectable disease, in stage IIIB and IV patients as first line in
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combination with chemotherapy, and as a maintenance
treatment after first line chemotherapy (55–58, 60, 62, 64, 72).
In total, 646 patients were enrolled in these trials. No serious
toxicities were observed. Signals of clinical activity were observed
in some cases, albeit usually modest and often without statistical
significance. Signs of systemic immune activation were reported
in patients receiving the experimental arm, including increased
numbers of circulating CD8+ and CD4+ T cells, a shift from a
Th2 toward a Th1-polarized immune response profile with an
increase of the anti-tumoral cytokines IFN-g, TNF-a, and TNF-b
(albeit only in early-stage patients), and a reduction in Tregs after
repeated injections of DC/CIK.

A different concept is the combination of DC/CIK cell therapy
with thoracic radiotherapy (TRT) or chemoradiotherapy (CRT).
The underlying rationale being that radiation-killed tumor cells
release tumor antigens and “danger-associatedmolecular patterns”
that can potentially promote DCs to elicit tumor antigen-specific
CD8+ T cell responses, which would further consolidate or amplify
objective responses and improve survival outcomes (61, 63). The
immunogenic effects of radiotherapy are thought to underlie the
positive results of MUC1-targeted vaccination and, more
convincingly, adjuvant PD-L1 blockade in stage III NSCLC
patients treated with chemoradiation (20, 78). In a phase 2 trial,
patientswith stage III andIVNSCLCreceivedTRT(60Gydelivered
at 2 Gy per fraction) plus MUC1-loaded DC/CIK cell therapy or
TRTalone (63).All subjects hadpreviously been treatedwith twoor
more cycles of platinum-based doublet chemotherapy without
disease progression. Patients that received DC/CIK cells
combined with TRT had a longer PFS than those who received
TRT alone (330 days vs. 233 days; p<0.05), as well as a better
ORR (47.6% vs. 24.6%; p<0.05). Median OS was not significantly
different between the two groups. Zhu et al. conducted a RCT in
63 patients with stage IIIB NSCLC (61). Of these, 30 patients
were treated with DC/CIK cell therapy combined with platinum-
based doublet CRT. DCs were not loaded with tumor antigens.
The ORR was significantly higher in the group treated with DC/
CIK and CRT than in the group treated with CRT alone (83.3% vs.
54.5%; p = 0.014). One-year survival rate was also better (83.3% vs.
60.6%; p<0.05). These studies suggest that combined treatments
with DC/CIK cell therapy and (chemo)radiotherapy can enhance
tumor responses and prolong survival.

Recently, an interesting variation on the DC/CIKmanufacturing
process was reported and evaluated in advanced cancer patients,
among them five with NSCLC. In a phase 1 trial by Chen et al., DC/
CIK cells were further activated in vitro by incubation with the anti-
PD-1 antibody pembrolizumab, and administered i.v. by repeatedly
infusions (65). Patients were progressive after at least one previous
course of appropriate anti-tumoral treatment. Of note, grade 3 or 4
treatment-related AEs (fever, chills) were noted in two patients.
ORR was 22.5% with a median OS and PFS of 270 and 162 days
respectively. Still, the actual added value of in vitro activation with
anti-PD-1 is not clear from this trial as there was no comparator
arm with “standard” DC/CIK infusions.

AKT-DC Therapy in NSCLC
Another form of adoptive immunotherapy involving DCs,
although somewhat different from the aforementioned
Frontiers in Immunology | www.frontiersin.org 17
treatments, is a therapy using autologous activated killer T
cells and DCs (AKT-DC) obtained from tissue cultures of the
tumor-draining lymph nodes of the primary lung tumor. Kimura
et al. demonstrated that the tumor-draining lymph nodes of lung
cancer patients are a potent source of killer T cells specific to
autologous tumor cells, but also of mature DCs, when cultured
with low dose IL-2, and that this in vitro expansion of T cells
could last for up to 2 months (79). Based on this mechanism, a
phase 2 trial was conducted evaluating the safety and feasibility
of chemo-immunotherapy using these AKT-DCs in post-
surgical N2 NSCLC patients (66). 31 patients were enrolled, of
which three subjects eventually dropped out. Four courses of
chemotherapy were administered along with AKT-DC
immunotherapy every 2 months for 2 years. Fever and chills
were the most frequent AEs. The 2- and 5-year OS were 88.9%
and 52.9%, respectively.

The same group performed a phase 3 RCT investigating the
efficacy of adjuvant chemo-immunotherapy with AKT-DC,
targeting residual micrometastases, in 103 patients with resected
NSCLC (67, 68). Patients were randomly allocated to receive either
chemo-immunotherapy (group A) or chemotherapy alone
(group B). Those who were assigned to group A received four
courses of platinum-based chemotherapy along with AKT-DC
immunotherapy for up to two years after surgery. Almost half of
the patients treatedwith immunotherapy had at least oneAE,mostly
chills and/or fever. The 2- and 5-yearOS rates were 96.0% and 69.4%
in group A and 64.7% and 45.1% in group B, respectively, with a
hazard ratio (HR) of 0.474. Subgroup analysis also showed that
younger patients, male patients, patients with adenocarcinoma,
patients with stage III cancer and those who did not receive
preoperative chemotherapy had a significantly better OS. This
study showed that NSCLC patients could benefit from adoptive
cellular immunotherapy as an adjuvant to surgery. However, the
heterogeneity of the study population was a major limitation.

DC Therapy in SCLC
The stark differences in biological and clinical behavior of SCLC
compared to NSCLC are also reflected at the immunological
level. As a demonstration, clinical trials to this date show
only limited responses to immune checkpoint inhibition in this
aggressive tumor, in contrast to NSCLC (80, 81). Also, DC-based
immunotherapy trials in SCLC are scarce. Antonia and
Chiappori were the first to test the immunological and clinical
effects of a cancer vaccine consisting of DCs transduced with
an adenovirus expressing p53 (Ad.p53) in patients with
extensive disease SCLC (69, 82). The tumor suppressor gene,
p53, plays an important role as a regulator of cell growth and
differentiation and is mutated in ≥ 90% of the SCLC cases (82).
Hence, it is considered as an ideal TAA. Fifty-four patients were
enrolled in this phase 1/2 trial. All patients were treated with
conventional chemotherapy prior to the immunizations. PBMCs
were obtained after leukapheresis and cultured in media
supplemented with GM-CSF and IL-4. At the completion of
incubation, DCs were subsequently infected with Ad.p53 at a
viral particle to cell ratio of 15,000:1. DCs had a mature
phenotype. Patients were scheduled to receive three doses of
the vaccine i.d. at 2-week intervals. Those who did not progress
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after three immunizations underwent a second leukapheresis and
received three additional doses of the vaccine, but this time once
a month. The number of injected DCs was limited to 5 × 106

cells. p53-specific T cell responses were observed in 18/43
(41.8%) patients by IFN-g ELISPOT assays. AEs associated
with the vaccine were infrequent and mostly mild, with one
patient experiencing grade 2 fatigue and one patient grade 2
arthralgia. Two patients achieved a PR and 13 patients had SD.
Remarkably, a high rate of ORRs to second line chemotherapy
was seen in patients with a positive immune response (78.6%)
compared to patients with a negative immune response (33.3%).
This is higher than expected based on previous trials with
paclitaxel in patients with extensive SCLC (83, 84). Median OS
was 8.8 months from the time of first vaccination. Patients with a
positive immune response to vaccination had a trend towards an
improved survival (MST 12.6 vs. 8.2 months; p = 0.131).

The same group subsequently conducted a randomized phase
2 trial involving 69 patients with extensive SCLC who were
responsive to therapy or had non-progressive disease after first-
line conventional chemotherapy (70, 71). Subjects were
randomized into three arms: arm A (control group), arm B
(Ad.p53-DC vaccine only), or arm C (Ad.p53-DC vaccine plus
All-trans retinoic acid (ATRA)). The rationale to use ATRA is
that it decreases systemic levels of myeloid-derived suppressor
cells (MDSCs), which have potent immunosuppressive activity.
The same immunization protocol was applied as the previous
study. The vaccine was found to be safe with one patient
experiencing grade 3 fatigue in arm B and eight patients
experiencing grade 3 toxicities in arm C. Positive immune
responses were obtained in 3/15 of the patients in arm B and
10/23 patients in arm C. The ORRs to second-line chemotherapy
were 15.4%, 16.7%, and 23.8%, respectively for arms A, B and C
with no survival differences between the different arms. These
ORRs were lower than in the previous studies with the same
vaccine. Surprisingly, survival from date of enrollment was
numerically higher in the control arm than in de treatment
arms (12.2, 6.3, and 6.2 months, respectively). A major limitation
of this study was the high dropout rate which prevented patients
from completing at least one cycle of salvage chemotherapy.
Despite this limitation, some conclusions can also be drawn.
First, the safety of the Ad.p53-DC vaccine was confirmed and
second, the vaccine was able to elicit a specific cytotoxic T cell
response in 20-40% of the patients with extensive SCLC, possibly
influenced by the co-administration of ATRA. However, this did
not translate into clinical responses, which were poor. The
higher-than-expected response rate to second line paclitaxel in
the first trial is encouraging and paves the way to combinatorial
approaches of chemotherapy with immunotherapy to improve
clinical efficacy.
DISCUSSION

For almost 20 years, long before the introduction of checkpoint
inhibitors, DCs have been studied as a form of immunotherapy in
lung cancer patients. This was based on a large body of preclinical
Frontiers in Immunology | www.frontiersin.org 18
data demonstrating the power of DCs to elicit de novo cytotoxic T
cell responses, and the presence of different classes of TAAs in
lung cancer. Evidence, mostly from phase 1 clinical trials, indicates
that DC-based immunotherapy is safe and well tolerated with
minor side effects depending on the route of administration. Local
reactions (e.g., erythema) are a commonly reported AE after
cutaneous injection, while systemic side-effects such as fever,
chills and fatigue can be triggered as well. These AEs are mostly
mild and transient. Severe toxicities rarely occur when DC-based
immunotherapy is given solely. This is in contrast to the
sometimes serious AEs seen with checkpoint inhibitors.
Moreover, even in DC therapies incorporating whole tumor
preparations, hence containing a substantial fraction of self-
antigens, no clinically significant signs of auto-immunity have
been reported so far.

Active immunotherapy involving DCs aims at eliciting cellular
immunity in a tumor-specific and robust way. Data from the
aforementioned early-phase trials demonstrate that antigen-
specific immune responses can be observed in a significant
number of patients, even in individuals with metastatic disease.
However, positive immune responses as measured by a DTH skin
test correlate only imperfectly with clinical outcomes, as shown in
other tumor types (85, 86). In addition, these immunological
responses tend to abate after the last injected dose.

Despite their proven immunogenicity, DC-based immunotherapy
delivers low response rates, with 9.3% (40/432) of the lung cancer
patients achieving an objective response. This is comparable to the
ORR of second-line docetaxel in metastatic NSCLC (albeit with
much less toxicity) and is lower than second-line PD-1/PD-L1
immunotherapy in the same, unselected population (8–11). In
SCLC, traditionally considered as a “cold” tumor, the ORR is
even lower (3.0%). However, higher ORRs were obtained when
DC-based vaccination is combined with CIK cell therapy and/or
concurrent chemotherapy (31.2%). Since most of the trials were
not designed to assess OS, survival data of DC vaccination in
lung cancer patients are scarce and anecdotal. Moreover, a
remarkable observation in the DC vaccination field is the
disconnect between clinical response and survival, as seen with
sipuleucel-T, the FDA-approved DC vaccine for castration-
resistant prostate cancer.

A typical limitation of the published studies is the small number
of patients and the lackof a control group in almost all clinical trials.
Another complicating factor is the huge variability in the methods
used. This comprises differences in the type and formulation of
TAAs, the DCmaturation state at the time of vaccination, different
use of co-delivered immunostimulants, as well as variations in the
route and frequencyofDC injection anddose of the vaccine. Ideally,
each of these parameters needs to be optimized in order to improve
the clinical efficacy of DC therapy (Figure 2).

Different antigen formulations havebeenused inDC therapy for
lung cancer, with tumor-derived peptides (single or combination)
and undefined antigen preparations such as autologous tumor cells
or cellular lysates being themost frequently used sources.While the
use of peptides imposes restrictions in terms of theHLA-type of the
target patient population, this is not the case for antigen
preparations which also have the advantage to potentially target a
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much broader antigenic repertoire corresponding more closely
to the patient’s tumor. A limitation in this approach is the
often limited access to autologous tumor material for antigen
extraction, as is the case in metastatic lung cancer. Furthermore,
in some clinical trials, immature DCs were used in the
vaccination protocol. While immunological responses were
occasionally observed, immature DCs are primarily inducers of
immunological tolerance, which is obviously unwanted in the
setting of cancer immunotherapy. To achieve maturation, DCs
can be exposed to a myriad of molecular combinations. However
not all of them can be easily implemented in a clinical-grade
production process, either due to stability, toxicity concerns and/
or cost. In addition, strong stimuli can lead to the phenomenon of
DC “exhaustion” whereby the capacity to produce the type-1
polarizing cytokine IL-12 is lost by the time the cells reach T cells
in vivo. Also, inflammatory stimuli can trigger counterregulatory
expression of checkpointmolecules such as PD-L1.Wehave shown
that a widely used clinical-gradeDCmaturation cocktail composed
of TNF-a, IL-1b, IL-6, and PGE2 induces high levels of surface PD-
L1, which rises even further after cryopreservation and thawing, an
effect presumably due to the prostaglandin (87, 88).

The impact of the route of DC injection has also been
insufficiently addressed so far. Many trials have used the i.d. or
s.c. route of injection, as it is very safe and feasible. However, a
disadvantage of this route of administration is that the majority
of DCs remain stuck at the injection site and will fail to migrate
to the T cell rich areas within draining lymph nodes (89). Direct
intranodal administration of DCs has been tested in melanoma,
Frontiers in Immunology | www.frontiersin.org 19
however it is technically challenging, while being not superior in
terms of evoked immune responses (90). A much more
predictable biodistribution can be achieved by i.v. injection,
where the totality of the dose encounters the pulmonary
vascular bed first, with subsequent distribution to the spleen
and liver, as shown in a unique imaging study on human subjects
(91). Preclinical experiments have shown that the “lung vascular
filter” acts as a site where robust T cell-mediated immune
responses can be efficiently evoked (92). The fact that the
human lung represents a reservoir of around 10 billion
resident T cells (93) raises the likelihood of productive
interactions with antigen-carrying DCs injected intravenously.
In addition, the route of DC injection can have an impact on the
trafficking pattern of primed T cells, as shown in preclinical
studies (94). Whereas an s.c. injection will program elicited T
cells to home towards the skin, i.v. injection of DCs induces
splenic CD8+ T cells capable of homing towards hematogenic
metastases, which is especially relevant for lung cancer.
Interestingly, in a therapeutic DC vaccination phase 1 trial in
advanced melanoma comparing several ratios of i.v. versus i.d.
injection, the data suggest that the i.v. rather than the i.d.
injection route could be pivotal for the exceptional objective
responses observed (95). Importantly, despite the potential of
activated DCs to secrete large amounts of inflammatory
cytokines and chemokines, none of the trials using i.v.
injection have observed life-threatening toxicity events. A
different strategy is the intratumoral injection of DCs, the idea
being that relevant tumor antigens are present in abundance, and
FIGURE 2 | Key parameters to optimize the success of DC-based immunotherapy. CTLA-4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; MTD,
maximum tolerated dose; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1.
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that T cells can then be primed in situ. One study using CCL21
gene-modified DCs delivered into lung tumors documented
systemic antigen-specific CD8+ T cell responses in a fraction
of the patients (52). This is surprising considering the strongly
immunosuppressive microenvironment in lung tumors, shown
to corrupt the function of DCs and T cells alike (96). Also,
intratumoral injection is technically challenging and not feasible
in every patient.

Finally, the optimal DC dose and injection schedule has not
been determined yet. Given the complex and indirect mechanism
of action of DC therapy and the imperfect nature of immune
responses as surrogate for clinical responses, accurate modelling
of a dose-effect relationship has not been achieved yet. What is
clear, however, from all the early-phase trials, is that no dose-
limiting AEs have been observed to date. Often the maximum
dose delivered is practically limited by the production capacity of
autologous DC vaccines. Still, one study suggested a better
survival in NSCLC patients receiving the highest dose of DCs
(54). Two other studies demonstrated a better OS in patients
receiving respectively five and six or more vaccinations (48, 53).
A bias may be present in these retrospective studies as the group
of patients that received fewer vaccinations generally had a worse
performance status.
THE WAY FORWARD

Optimizing the Choice of Target Antigens
The choice of target antigens for loading onto DCs is crucial to
maximize the likelihood of eliciting a strong and tumor-directed
immune response. Ideally, the antigen should meet different
criteria: tumor-specific (expressed by cancer cells only), highly
immunogenic, and necessary for cancer survival (97).

To date, most of the DC vaccination trials in lung cancer have
targeted TAAs, which are self-antigens that are abnormally
expressed by cancer cells, but may be present in normal cells as
well. Since TAAs are shared with normal tissues, they can display
limited immunogenicity due to central and peripheral tolerance,
hence affecting the clinical efficacy of the vaccine. This can be partly
circumvented by targetingmore than one cancer antigenwhichwill
induce a broader immune response (98), aswas the case in several of
the abovementioned trials. However, the detectable immune
responses that were evoked by the DC vaccine in these trials were
often not powerful enough to translate into clinical effectiveness.

Development of personalized cancer vaccines based on
neoantigens has become a new approach in cancer immunotherapy
(99, 100). Neoantigens are tumor specific antigens that arise as a
consequence of non-synonymous somatic mutations in the
tumor cell genome (100). As their expression is tumor-
restricted, in contrast to TAAs, these antigens are not subject
to central tolerance and are potentially recognized by high
avidity T cells. Hence, these antigens are ideal targets for DC
vaccines. Neoantigens can be identified and selected using whole
exome sequencing of tumor and blood cell DNA and
bioinformatics algorithms. In a murine lung carcinoma model,
neoantigen-pulsed DC vaccines were superior to neoantigen-
Frontiers in Immunology | www.frontiersin.org 20
adjuvant vaccines in activating immune responses and inhibiting
tumor growth (101). A first demonstration of this approach in
human subjects was provided in a phase 1 trial in metastatic
melanoma, showing a remarkable induction of de novo T cell
responses after vaccination with personalized tumor neoantigen-
loaded DCs. Several phase 1 clinical trials are currently exploring
neoantigen-targeted DC vaccines in lung cancer (Table 3),
including a study from our group in surgically resected NSCLC
(MIDRIXNEO-LUNG/NCT04078269), as well as in lung cancer
patients who failed on standard anticancer therapies (NCT03
871205). A major drawback for neoantigen-targeted vaccination
is the lengthy and complex process leading up to the identification
of potential neo-epitopes, which precludes implementation in
patients with advanced or progressing disease. Also, the lack of
standardization of in silico neo-epitope identification pipelines,
with different algorithms producing diverging target lists, is a
concern. One workaround consists of harvesting and profiling the
“real” HLA-bound mutanome-derived peptides from tumor cells
using advanced mass-spectrometric methods (102). This however
requires access to large tumor samples which is a challenge in
some clinical settings.

Selecting the Right Patients
Autologous cell therapies such as DC-based immunotherapies
are labor-intensive and expensive to produce, and scaling-out to
address a large patient population is difficult. Affordability of
these therapies will be an important issue and challenge for both
manufacturers and healthcare providers (103). Hence, a crucial
question is which patients will derive most clinical benefit from
these treatments. In early stage and locally advanced disease,
treatable with curative intent (low tumor burden), the goal of
DC-based immunotherapy is primarily to induce immunological
memory to prevent later disease relapse (prophylactic vaccination).
However, to show any therapeutic efficacy in this patient
population, large and lengthy randomized trials are needed. In
patients with metastatic disease on the other hand, DC-based
immunotherapy actually aims to control the existing tumor
(therapeutic vaccination). Considering the delayed antitumor
effect and the systemic immunosuppression that is proportionate
to the tumor load, patients with rapidly progressive or bulky
tumors are unlikely to be appropriate candidates for DC
vaccination, unless combinations with other systemic therapies
are applied. In order tomake DC therapy a viable option in clinical
practice, biomarkers to enrich for responders/exclude non-
responders upfront must imperatively be developed. Matching
the targets loaded into the vaccine with the antigen expression
pattern in the tumor is an obvious step. In addition, one can
envision to exclude patients whose tumor biopsies harbor immune
escape features such as loss-of-function or truncating mutations in
Janus kinase (JAK) 1/2 or b2-microglobulin respectively, as
vaccine-elicited T lymphocytes will fail to recognize and destroy
the escape variants.

Using the Right Combination Partner
Combination with other treatment modalities, such as
chemotherapy, radiotherapy and especially immune checkpoint
inhibition, may be the key to the success of DC-based
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immunotherapy and is currently the subject of several clinical
trials (Table 3). In principle, all combinatorial strategies aiming
to potentiate cancer vaccines in general are applicable to DC
therapy in particular (see (18) for an extensive review).

The combination of DC therapy with chemotherapy may seem
less suitable due to the immunosuppressive effects of the latter.
However, it has become clear that cytotoxic drugs do also have
several immune-potentiating effects, not only by inducing
immunogenic cell death (104), but also by some ancillary effects
on both cancer cells and immune cells present within the
tumor3 microenvironment (TME) (105). Chemotherapy can for
instance reduce systemic levels of MDSCs and Tregs, which are
important factors of lymphocyte suppression in metastatic cancer
patients. It was previously shown that vaccination in between
platinum-containing chemotherapy cycles can indeed boost
antigen-specific T cell responses (106), which is attributed to the
MDSC-depleting effect of myelotoxic platinum salts. In addition,
chemotherapeutics can also promote antitumor immune
responses by upregulating the expression of tumor antigens and
MHC class I molecules on the tumor, thereby increasing the
capacity for antigen presentation (105). As such, chemotherapy
could improve the efficacy of DC-based immunotherapy by
rendering tumor cells more susceptible for immune-mediated
killing elicited by the DC vaccine (107). Finally, different classes
of chemotherapeutics can directly affect DC biology, resulting in
upregulated costimulatory molecule expression and increased
antigen presentation. For some chemotherapeutics such as
taxanes, the effects are mediated by TLR triggering (108). To
Frontiers in Immunology | www.frontiersin.org 21
date, combinatorial approaches of chemotherapy and DC-based
immunotherapy (mostly DC/CIK cell therapy) have been
investigated only sporadically in lung cancer. A relevant and
very recent study in NSCLC is SLU01, a phase 1/2 randomized,
open-label, multicenter trial evaluating the clinical efficacy and
safety of DCVAC/LuCa added to standard first-line chemotherapy
(paclitaxel and carboplatin) and immune-enhancers (IFN-a and
hydroxychloroquine) in patients with stage IV NSCLC
(NCT02470468). Preliminary results, presented in abstract form
(109), demonstrated a better OS in patients receiving the
combination therapy versus chemotherapy alone (15.5 vs. 11.8
months, HR 0.55, 95% CI 0.33–0.93; p = 0.0232).

An emerging research topic is the complex interplay between
radiotherapy (RT) and the immune system, since it was
appreciated that RT can mediate tumor regression outside the
radiation field. This phenomenon, called the “abscopal effect”, is
shown to be the result of an immune-mediated mechanism (110,
111). The advent of immunotherapies, especially immune
checkpoint inhibitors, has created special interest in strategies
that combine RT with immunotherapeutic agents. RT can
enhance systemic antitumor immune responses by several
immunomodulatory mechanisms (112), which were already
briefly mentioned earlier in this review. In this way, RT could
act synergistically with DC-vaccination and thus improve clinical
outcomes. Preclinical tumor models have indeed shown potent
local and systemic antitumor responses when direct intratumoral
administration of DCs was combined with RT (113, 114). The first
modest signs of clinical efficacy in humans were demonstrated in
TABLE 3 | Current clinical trials exploring dendritic cell (DC)-based immunotherapy in lung cancer.

Clinical trial I.D. Study title Interventions Phase

NCT04078269 MIDRIXNEO-LUNG Dendritic Cell Vaccine in Patients With Non-small Cell
Lung Cancer

Biological: Dendritic cell immunotherapyBiological:
Antigen-specific DTHBiological: Control DTH

Phase 1

NCT04082182 MIDRIX4-LUNG Dendritic Cell Vaccine in Patients With Metastatic Non-
small Cell Lung Cancer

Biological: Dendritic cell immunotherapyBiological:
Antigen-specific DTHBiological: Control DTH

Phase 1

NCT03406715 Combination Immunotherapy-Ipilimumab-Nivolumab-Dendritic Cell p53 Vac
– Patients With Small Cell Lung Cancer (SCLC)

Drug: NivolumabDrug: IpilimumabBiological: Dendritic Cell
based p53 Vaccine

Phase 2

NCT04199559 Evaluating Combination Therapy using Autologous Dendritic Cells Pulsed
With Antigen Peptides and Nivolumab for Subjects With Advanced Non-
small Cell Lung Cancer

Drug: Autologous dendritic cells pulsed with antigen Phase 1

NCT03371485 AST-VAC2 Vaccine in Patients With Non-small Cell Lung Cancer Biological: AST-VAC2 Phase 1
NCT03360630 Anti-PD-1 Alone or Combined With Autologous Cell Therapy in Advanced

NSCLC
Biological: Anti-PD-1 plus DC-CIKBiological: Anti-PD-1
alone

Phase 1

NCT03970746 Safety, Immunogenicity and Preliminary Clinical Activity Study of
PDC*lung01 Cancer Vaccine in NSCLC

Biological: PDC*lung01Drug: Keytruda Injectable
ProductDrug: Alimta Injectable Product

Phase 1/2

NCT04147078 Personalized DC Vaccine for Postoperative Cancer Biological: DC vaccine subcutaneous administration Phase 1
NCT03546361 Intratumoral Administration of CCL21-gene Modified Dendritic Cell With

Intravenous Pembrolizumab for Advanced NSCLC
Genetic: Ad-CCL21-DC 1 × 107

Genetic: Ad-CCL21-DC 3 × 107

Genetic: Ad-CCL21-DC 0.05 × 107Drug: Pembrolizumab
Genetic: Ad-CCL21-DC ExD

Phase 1

NCT03735290 A study to Evaluate the Safety and Effectiveness of ILIxadencel
Administered Into Tumors in Combination With Checkpoint Inhibitor (CPI) in
Patients With Advanced Cancer

Biological: ilixadencelDrug: Pembrolizumab Phase 1/2

NCT03047525 Study of DC-CTL Combined With CIK for Advanced Solid Tumor Biological: Cytokine-induced Killer Cells Phase 1/2
NCT02470468 Evaluation of Safety and Efficacy of DCVAC/LuCa (immunotherapy of Lung

Cancer) in Patients With Metastatic Lung Cancer
Biological: DCVAC add on to SOCBiological: DCVAC and
immune enhancers add on to SOCOther: Standard of
Care Chemotherapy

Phase 1/2

NCT03871205 Neoantigen-primed DC Vaccines Therapy for Refractory Lung Cancer Biological: Neoantigen loaded DC vaccine Phase 1
NCT04147078 Personalized DC Vaccine for Postoperative Cancer Biological: DC vaccine subcutaneous administration Phase 1
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small clinical trials involving patients with digestive tumors and
high-risk soft tissue sarcomas (115–117), whereas evidence in lung
cancer is limited only to some studies with DC/CIK cell therapy.

Given the spectacular emergence of immune checkpoint
blockers (ICBs) in the lung cancer therapeutic landscape,
questions inevitably arise as to the role of DC vaccination in this
setting. Although ICBs, more specifically PD-1/PD-L1 inhibitors,
can sometimes trigger dramatic durable responses, the majority of
lung cancer patients still experiences disease progression within a
year of treatment. This is not surprising given the fact that anti-PD-
1 antibodies, the most commonly used ICBs in lung cancer, only
“fix” one specific step in the cancer immunity cycle, which is
alleviating T cell paralysis in the TME. Upstream of this, a whole
sequence of events leading up to the induction of tumor-homing
cytotoxic T cells is operated by DCs, which are known to be
dysfunctional within cancer-bearing hosts. Hence, adoptive
transfer of fully functional ex vivo generated DCs can be seen as
an ideal complement to checkpoint inhibition, as a fitting
illustration of “pushing the gas pedal” while also “releasing the
brakes” (118). ICB failure is often a manifestation of an “immune
cold” tumor, i.e., a phenotype characterized by a lack of T cell
priming against tumor antigens and consequently an absence of
tumor-infiltrating T cells. DC therapy can turn a “cold” into a “hot”
tumor through its capacity to prime and generate a de novo tumor
antigen-specific T cell population. In addition, expanding insights
into the mechanisms of action of ICBs could help to design better
DC-based therapeutic approaches. The emerging knowledge that
exhausted T cells consist of a multi-stage and dynamic group
of lymphocytes is extremely relevant in this context. Differences
in abundance and distribution of these T cell subsets could
underlie differential responsiveness to ICBs, as only “progenitor
exhausted” T cells can be expanded by this therapy (119). It raises
the question whether DC vaccination may replenish the immune
systemwith the type of progenitor T cells that is amenable to rescue
by anti-PD-1 blockade. New insights in themechanism of action of
anti-PD-L1 ICBs are also emerging, mostly diverting the
traditional focus from T cell/cancer cell interactions in the
TME. As recently reported, anti-PD-L1 ICBs may achieve
much of its effect by blocking PD-L1/PD-1 interactions in lymph
node-resident DC-T cell clusters, rather than at the level of the
tumor (120). Also, adoptively transferred activated DCs express
variable levels of surface PD-L1, such that the anti-PD-L1
combination partner must be judiciously chosen. On one hand
the combination can indeed result in boosting of T cell responses.
HoweverPD-L1-blockademayalsobedetrimental toDC-mediated
T cell priming as PD-L1 protects DCs from cytotoxic T cells during
antigen-specific cognate interactions (121). At worse, an anti-PD-
L1 ICB with a specific IgG subtype could in theory trigger
elimination of the injected DCs through antibody-dependent
cytotoxicity. Finally, although CTLA-4 blockade as such is not
part of the standard-of-care in lung cancer, its capacity to boost T
cell priming could make it an ideal partner in a DC-based
combinatorial approach. Clinical evidence for this type of
combination was already provided in a phase 1 trial in advanced
melanoma patients, where a DC vaccine combined with
ipilimumab resulted in remarkably high ORRs (122).
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Clinical data supporting the combination of DC therapy and
ICBs is not yet available in lung cancer, however several early-phase
trials are already addressing this issue (NCT03406715,
NCT03360630 , NCT03970746 , NCT03546361 , and
NCT03970746). Of these, PDC-LUNG-101 (NCT03970746)
seems promising, evaluating the safety, clinical efficacy and
immunogenicity of PDC*lung01, a peptide-pulsed allogeneic
plasmacytoid DC line in combination with pembrolizumab in
patients with metastatic NSCLC. Still many questions remain
unanswered such as which class of immune checkpoint inhibition
is most suited (anti-PD-1/PD-L1/CTLA4)?. Choosing the correct
sequencing could also be critical as preclinical data suggest that PD-
1 inhibition can induce a population of T cells that are refractory to
subsequent stimulation by a vaccine (123). Additional factors may
come into play as our understanding of ICB mechanism of action
grows. Of note, accumulating data around the role of the gut
microbiome in shaping responses to ICBs (124) may sooner or
later impact the way we design cancer vaccination combinatorial
studies, including DC immunotherapy.
CONCLUSION

DC-based immunotherapy is safe and well-tolerated and can
elicit antitumor immune responses in many patients with lung
cancer, with occasional yet remarkable objective responses
despite the predominant immunosuppressive climate in the
metastatic setting. Combining DC-based immunotherapy with
other anticancer therapies, such as chemotherapy, radiotherapy
and/or checkpoint inhibition, can potentially improve their
effectiveness. Alternatively, a choice of antigens based on
neoepitopes with proven expression by the tumor cells may
not merely induce immune responses but could result in clinical
responses. Clinical trials to prove these hypotheses are underway
and the results are eagerly awaited. Additional challenges for the
future of DC therapy are determining the adequate dose,
frequency, and duration of treatment, improving the choice of
target antigens, and finding biomarkers to select potential
responders upfront. Finally, identifying the most synergistic
combinatorial regimen can hold the real key to long term
disease control and survival in this lethal disease.
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