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Abstract

Immunotherapy has gained great interest in thoracic malignancies in the last decade, first in non-small cell lung cancer
(NSCLC), but also more recently in small-cell lung cancer (SCLC) and malignant pleural mesothelioma (MPM). However,
while 15-20% of patients will greatly benefit from immune checkpoint blockers (ICBs), a vast majority will rapidly exhibit
resistance. Reasons for this are multiple: non-immunogenic tumors, immunosuppressive tumor microenvironment or defects
in immune cells trafficking to the tumor sites being some of the most frequent. Current progress in adoptive cell therapies
could offer a way to overcome these hurdles and bring effective immune cells to the tumor site. In this review, we discuss
advantages, limits and future perspectives of adoptive cell therapy (ACT) in thoracic malignancies from lymphokine-activated
killer cells (LAK), cytokine-induced killer cells (CIK), natural killer cells (NK), dendritic cells (DC) vaccines and tumor-
infiltrating lymphocytes (TILs) to TCR engineering and CARs. Trials are still in their early phases, and while there may still
be many limitations to overcome, a combination of these different approaches with ICBs, chemotherapy and/or radiotherapy
could vastly improve the way we treat thoracic cancers.
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Introduction mesothelioma (MPM) treatment these past decades has been

the growing use of immunotherapy. Immune checkpoint
Thoracic malignancies are a very frequent cancer type. They  blockers (ICBs) have revolutionized the prognosis of non-
are the first cause of deaths by cancer worldwide [1]. One of small cell lung cancer (NSCLC) [2], while also exhibiting
the greatest advances in lung cancer and malignant pleural ~ good results in small-cell lung cancer (SCLC) [3] and MPM
[4, 5]. However only 15-20% of them achieve response on
ICBs, others either displaying primary resistance or sec-
ondary resistance. Resistance can be explained by different
immune phenotypes in tumors. Three immune phenotypes
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in “immune desert” tumors is driven by non-immunogenic
tumor cells with a low TMB, a high neoantigen intratu-
mor heterogeneity (defined by a high fraction of subclonal
neoantigens) resulting in a higher probability of selecting
subclones with a poor immunogenicity [9], a lower clonal
T cell arsenal [10], and/or a lack of recruitment of antigen-
presenting cells like dendritic cells. In “immune-inflamed”
tumors, resistance can be driven by an overexpression of
immunosuppressive cells and cytokines. Finally, in “altered”
tumors resistance can be explained by either an immunosup-
pressive environment or the impossibility for T cells to infil-
trate the tumor, for example, through an epigenetic silencing
of genes involved in T cell trafficking to the TME [11], a
modification in the secretion of chemokines [12], stromal
fibroblasts obstructing T cell infiltration [13]. Some patients
also develop secondary resistance to ICBs through differ-
ent mechanisms [14]: loss of neoantigen, acquired defects
in antigen presentation (HLA molecules, 32-microglobulin,
etc.), downregulation of IFN-y pathway, upregulation of

A

alternate immune checkpoint inhibiting receptors leading
to T cell exhaustion.

ICBs are the more widely used immunotherapies [15],
but many other anticancer immunotherapies are also being
explored: adoptive cell transfers, tumor-targeting monoclo-
nal antibodies, immunogenic cell death inducers, co-stimu-
latory monoclonal antibodies, anticancer vaccines, oncolytic
virotherapies, pattern recognition receptors (PRR) agonists,
inhibitors of immunosuppressive metabolism (IDO or aden-
osine inhibitors), immunostimulatory cytokines [16, 17].

Adoptive cell therapies (ACT) are of particular interest,
which is underlined by the growing number of registered
clinical trials on the topic [18]. They have already dis-
played promising results in hematological malignancies
and some solid tumor types like melanoma. Immune cells
are isolated from patients or donors for ex vivo expan-
sion, stimulation, and sometimes specific engineering
before infusion or reinfusion into the patient to increase
immune infiltration and cytotoxicity against tumor cells
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Fig. 1 Adoptive therapies preparation. Preparation methods for ACT
are quite similar. PBMCs are obtained from autologous or allogeneic
peripheral blood (mainly by leukapheresis), cord blood or non-meta-
static lymph nodes. In the particular case of TILs, they are obtained
from tumor samples (mainly resected specimens but also biopsy sam-
ples). For non-mixed therapies, cells are often isolated depending on
the intended therapy based on their CD markers: CD14 + cells for DC
vaccines, CD56 + or CD3- cells for NK cells, CD3 +and CD28 + cells
for T cells, etc. In every case, cytokines are then used for activation
and expansion with variations depending on the type of expanded
cells. Some therapies require additional steps. For DC vaccines,
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antigens have to be added to pulse the DCs (peptides, tumor lysate,
mRNA, etc.) after isolation, differentiation and maturation. T cells
can be engineered with gene therapies: CARs or TCRs are added
through lentiviral or retroviral transduction, CRISPR-Cas9 gene
editing, electroporation, etc. Other genes can also be inserted, like
chemokine receptors or cytokines. Preparations are then injected into
the patients. Different routes are available: intravenous, intranodal,
subcutaneous, or intradermal. In addition to T-cell-based therapies,
lymphodepleting chemotherapy and IL-2 infusions are often used to
increase in vivo persistence. Figure created with BioRender.com
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(see Fig. 1). In cases of “immune desert” tumors, adop-
tive T cell therapy might yield better results than targeting
immune checkpoints, especially if T cells have been engi-
neered to react against tumor antigens and/or traffic in the
tumor, since the problem is not only exhausted T cells but
also the lack of specific T cells and/or trafficking of these
T cells. Dendritic cell (DC) vaccines could also recruit
new antigen-specific T cells and help turn a “cold” tumor
nonresponding to ICBs into a “hot” tumor more sensitive
to treatment [7].

Theoretically, ACT could reach patients than ICBs can-
not. Tumor vaccines with DC increase recruitment, acti-
vation, and expansion of effector cells, while infusions of
different cells of the innate or adaptive immune response,
such as NK, NKT or T cells, increase the pool of cells
with an antitumoral activity. Unfortunately, ACT still faces
many limitations in solid tumors such as thoracic malig-
nancies, and convincing clinical trials are still lacking. In
this review, we expose what has already been explored in
thoracic malignancy and what is currently under investiga-
tion, thus providing an overview of what can be achieved
with ACT in NSCLC, SCLC and MPM.

Non-engineered adoptive therapies
Lymphokine-activated killer cells (LAK)

LAK cells have been one of the first adoptive therapies
to be tested in patients. They are autologous lymphocytes
isolated from non-metastatic regional lymph nodes or
peripheral blood that are amplified and activated in vitro
using recombinant human interleukin 2 (IL-2). This leads
to a slight predominance of NK cells, mixed with T cells
and NKT cells, with a limited expansion ability in vitro
and a low cytotoxic activity in vivo [19]. Administration
of high doses of intravenous or subcutaneous IL-2 to the
patient is required after infusion of LAK cells and leads to
severe toxicities such as pulmonary edema and respiratory
failure, limiting the use of LAK cells in clinical practice.

One of the first clinical trial testing LAK cells in com-
bination with intravenous IL-2 in multi-treated metastatic
cancer patients was published by Rosenberg et al. in 1985
[20]. Complete regression was observed in one case of
melanoma, and partial responses were observed in 10
of 25 patients with diverse cancer types (including one
lung adenocarcinoma). Side effects consisted primarily of
fluid retention due to IL-2. More complete results in 1987
showed cases of complete response principally in melano-
mas and renal-cell cancers. Efficacy has not been proven
in lung cancer, whether in the adjuvant context, where
contradictory results were noted [21, 22], or metastatic

context. Advances in the comprehension of the immune
system and cytokine use lead to the discovery of more
effective and less toxic cell therapies.

Cytokine-activated killer cells (CIK)

Improvements in the preparation of lymphocytes lead to the
use of CIK cells, with a first published study in 1991 [23].
Since then, they have been largely tested in clinical trials
and positive results have been observed [24, 25]. IL-2 is
still a primordial part of the activation and expansion mix,
but IFNYy, anti-CD3 monoclonal antibodies and IL-1f have
been added and IL-2 support is no longer required after
infusion. Strictly speaking, CIK cells refer to cells with a
mixed T cell- and NK-cell-like phenotype, which can be
considered as a subset of NKT cells. They have both an
HLA-restricted specific activity like T cells with an invari-
ant TCR and a non-HLA-restricted direct cytotoxicity like
NK cells with expression of NK receptors such as NKG2D
or DNAM-1. Flow cytometry reveals that CIK preparations
usually contain a varying proportion of CD3 + CD56 + cells
with a median around 35% [24], a majority of CD3 + CD56-
T cells (mostly CD8 +) and a small proportion of CD3-
CD56+NK cells. NKT cells usually account for less than
5% of peripheral blood mononuclear cells (PBMCs) in
patients. In clinical trials, research teams generally aim
for over 20-30% CD3 + CD56 + cells in the infusion after
expansion (accounting for NKT cells and some activated T
cells expressing CD56).

To prepare CIK cells, PBMCs are generally obtained
from peripheral blood of patients or donors, but they can
also be obtained from cord blood. For in vitro activation and
amplification, they are cultured with IFNy added on day 0
and anti-CD3 monoclonal antibody and IL-2 added the next
day. IFNy is important for expansion of CD56 + cells, while
anti-CD3 antibodies serve as a mitogenic stimulus and IL-2
promotes the expression of essential molecules involved in
the cytolytic activity [26]. IL-1p is also frequently added to
the preparation for better expansion and activation. Several
studies showed that stimulation or transfection with IL-6,
IL-7,1L-12, or IL-15 could also improve proliferation and/or
cytotoxicity [27-29]. They all have different effects on CIK
cells preparation. IL-15, for example, might have a lesser
expansion ability than IL-2 but generates CIK cells with a
greater cytotoxic activity [29].

Numerous clinical trials have been published on CIK cells
with methodologies of heterogeneous quality. An interna-
tional registry on CIK cells (IRCC) has been created to over-
view advances in this domain. It implemented quality crite-
ria for CIK cell clinical trials and published reports every 5
years approximately. The most recent one accounts for 106
clinical trials published between 1999 and 2019, lung cancer
being the most investigated cancer type with 26.4% of the
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included publications [24]. The vast majority of these trials
uses autologous CIK cells [30-32], although several studies
use allogeneic CIK or cord blood derived CIK cells [33].
Studies seem to suggest that at least 6 X 10¥6 CIK cells are
required to obtain a satisfactory clinical response, authors
even preferring to use up to 10¥10 cells. However, in some
heavily pretreated, immunodeficient, or elderly patients,
expansion is insufficient and does not meet these require-
ments [25] and hence the need for allogeneic CIK cells.
They are considered to have less alloreactivity than T cells,
but the IRCC still reports cases of graft-versus-host disease
in studies using allogeneic preparations [24]. In terms of
outcomes, repeated CIK cell infusions are significantly asso-
ciated with longer OS and progression free survival (PFS)
in 27 of the included studies without any severe toxicity.
Main side effects are grade 1 or 2 fever, chills, fatigue, head-
ache, and skin rash. Cytopenia is rare. Most studies focus
on advanced and/or metastatic lung cancer. Some of them
examine the association of CIK cells and radiotherapy and
show benefits in OS and response rate compared to control
groups [34].

In many studies, CIK cells are combined with dendritic
cells (DCs) due to their synergic activities. Mostly, they use
isolated mature DCs, but in some cases they use DCs pulsed
with lung cancer antigens [35] or tumor lysate [36]. Synergy
can be explained in vitro through interaction between the
two cell types. DCs increase the proliferation and the antitu-
moral activity of CIK cells by increasing IL-12 secretion and
decreasing T regulator lymphocytes (Tregs) [25]. In vivo it
can be explained through two complementary mechanisms
of action: CIK cells directly target tumor cells, while DCs
prime effector T cells, increasing T cell infiltration and
therefore the antitumoral effect. All in all, CIK cells might
be a promising option in lung cancer but also in other cancer
types. Large phase-III clinical trials with a robust methodol-
ogy are, however, needed before drawing any conclusions.

Natural killer cells (NK)

Other immune cells can be specifically expanded from
PBMCs, such as NK cells, which have been attracting
increasing attention in immune-based therapies [37].
They are innate lymphoid cells characterized by a CD3-
CD56 + phenotype. Depletion of CD3 + T cells is an essen-
tial step to their successful expansion from PBMCs, as
opposed to LAK and CIK cells (see Fig. 1). NK cell infil-
tration is associated with improved OS in most solid can-
cers, although results are contradictory in lung cancer [38].
This could partly be explained by a decreased efficacy of
infiltrating NK cells in the strong immunosuppressive TME
that is often associated with lung cancer. They are known
for their cytolytic function through exocytosis of perforin
and granzyme granules, their production of cytokines such

@ Springer

as IFNy which increases antigen presentation and activa-
tion of effector T cells, their expression of death-inducing
ligands and their antibody-dependent cellular cytotoxicity
(ADCC) [37]. Contrary to effector T cells, they do not need
antigen sensitization to target tumor cells. Loss of HLA
expression in tumor cells increases their susceptibility to
NK cells instead of rendering them resistant. Indeed, NK
cells recognize stressed cells that have lost their HLA-I
molecules or overexpress stress-induced ligands (MICA,
MICB, RAETIE, B7-H6, etc.). These ligands bind to NK
cell receptors (DNAM1, NKG2D, NCRs, CD16, etc.) and
overcome inhibitory signals, inducing the cytotoxic activity
of NK cells against stressed cells like tumor cells. The CD16
receptor also binds the constant fraction of tumor antigen-
specific immunoglobulins, inducing ADCC [39]. It is the
only receptor not needing cytokine pre-activation to exert its
action. For activation of the other receptors, cytokines are
needed, the most used being IL-2 [40]. Many other cytokines
have been studied to improve expansion and activation of
NK cells in vivo or in vitro. IL-15 promotes activation, pro-
liferation and survival [41]. It seems to yield better results
than IL-2, notably regarding a better selection of NK cells.
Indeed, IL-2 also expands T cells, including Treg, as was
shown with LAK and CIK cells. Preclinical studies sug-
gest that a combination of IL-12, IL-15 and IL-18 could
be better than IL-15 or IL-2 used alone [42, 43]. IL-18 can
induce memory-like NK cells and IL-21 is also known to
increase NK cell proliferation, cytotoxicity, and IFNy pro-
duction [44]. Ex vivo stimulation of NK cells is essential
before treatment because they are often in a resting state
in advanced solid tumors [45]. Recent studies suggest that
the activity of unexpanded NK cells is limited due to the
immunosuppressive characteristics of the tumor microenvi-
ronment but that expanded NK cells overcome this immu-
nosuppression and rescue exhausted tumor-infiltrated lym-
phocytes through IFNy [46]. They also upregulate PDL1
expression, acting in synergy with PD1-blockade therapy.
NK cell preparation starts with PBMCs isolation from
peripheral blood (PBMCs can be separated from whole
blood or through leukapheresis), umbilical cord blood, or
postpartum placenta. NK cells can also be differentiated
from embryonic stem cells, possibly leading to more active
NK cells [47], but embryonic stem cells’ manipulation is still
controversial. PBMCs are then depleted of CD3 + T cells
and expanded/activated through different means before infu-
sion into the patient: culture with cytokines mentioned above
(IL-2, IL-15, IL-18), culture with stimulatory cells or gene
transduction with membrane-bound cytokines to induce
autocrine stimulation [39]. Contrary to adoptive T cell ther-
apy, allogeneic treatment is possible with haploidentical NK
cells but should be preceded by lymphodepleting therapy
using fludarabine and cyclophosphamide to prevent rejection
by the patient’s immune system and therefore increase their
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persistence [48]. Robust expansion should generate enough
NK cells to treat more than 20 patients from one leukapher-
esis. In case of autologous infusion, lymphodepletion could
also be beneficial through depletion of immunosuppressive
myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Treg).

In one of the first phase-I trial in lung cancer patients in
2010, Iliopoulou et al. [49] used haploidentical KIR-mis-
matched NK cells. The reasoning behind the use of these
allogeneic NK cells is to use their donor-versus-recipient
alloreactivity to fight against T cells. Inhibitory receptors
on NK cells (KIR) usually bind HLA-I ligands on tumor
cells. When there is a mismatch between the inhibitory
receptors and the HLA molecules presented by the tumor
cells, NK cells are not inhibited and can induce apopto-
sis of cancer cells in a more potent way than autologous
NK cells. In their study, Iliopoulou et al. used repetitive
administrations of allogeneic NK cells in locally advanced
or metastatic NSCLC, showing no toxicity, and particu-
larly no graft-versus-host disease. NK cells were isolated
based on CD56 expression and expanded with IL-15 and
hydrocortisone. Out of 15 patients, two achieved partial
response and 6 stable disease. Lin et al. [50] also used hap-
loidentical KIR-mismatched NK cells in 110 advanced pre-
treated NSCLC patients but added an anti-PD1 checkpoint
blocker (pembrolizumab) as a co-treatment. No difference
in the incidence of adverse events was observed between
the group receiving NK cell therapy versus the group that
was not. There was a decrease in circulating tumor cells
after treatment with NK cells compared to the control group,
and objective response rate (ORR) was of 36.4% in the NK
group versus 18.5% in the control group. PFS and OS were
also longer in the NK group. They obtained similar positive
results in a previous study combining NK cell therapy and
percutaneous cryoablation in NSCLC [51].

To overcome expansion difficulties, some teams prefer to
use allogeneic immortalized cell lines with a good activity
and expansion potential. The most frequent is the NK-92 cell
line, which is a cell line derived from a 50-year-old male
patient with non-Hodgkin lymphoma [52]. Advantages are
a good expansion potential and a lack of most inhibitory
KIR receptors. However, there are also disadvantages: they
must be irradiated prior to infusion to avoid tumorigenesis,
they need IL-2 for their survival, and they lack the CD16
receptor, which is essential to ADCC. These two last lim-
its can, however, be overcome with some modifications in
the cell line [52]. A phase I study in 2013 showed a good
safety profile with promising results in 3 out of 4 lung can-
cer patients [53]. Further trials were probably disappointing
since no clinical trial is currently registered on clinicaltrials.
gov using NK-92 in solid tumors other than glioblastoma.

Autologous NK cells are another option. Multhoff
et al. [54] used Hsp70-targeting autologous NK cells in

Hsp70-positive advanced NSCLC patients after radio-
chemotherapy. Hsp70 is a stress-inducible protein over-
expressed in cancers but not in normal cells that NK cells
recognize when they have been pre-stimulated with IL-2 and
an Hsp70-derived peptide called TKD. Radio- and chemo-
therapy increase the density of its membrane-bound form,
motivating the use of the Hsp70 NK cells after radio-chem-
otherapy in this phase II study. Interestingly, culture with
TKD and IL-2 resulted in only 6-23% of CD3-CD56 + cells
in the infusion product, reinforcing the idea that IL-2 is not
enough to expand only NK cells. Disease control seemed
better in the treatment group, but no statistically significant
difference was observed. No severe adverse event was attrib-
uted to NK cell therapy either.

Overall, trials about NK cell adoptive therapy have been
scarce in thoracic malignancy (see Table 1). This can partly
be explained by difficulties encountered to expand NK cells
to therapeutic doses. New preparation methods are under
investigation. Several current studies use SNKO1, which is
a novel mix allowing for expansion and activation of NK
cells, but results are still pending [55, 56]. In conclusion,
while NK cells could be a good option in theory, clinical
outcomes are disappointing. Further progress could be made
in identifying better methods to improve expansion, acti-
vation and persistence. Combinations with other immune
therapies could also be a solution, since the TME might have
arole in inactivating infused NK cells [45].

Tumor-infiltrating lymphocytes (TILs)

Development of TILs has been concomitant to the develop-
ment of LAK cells [57], but whereas LAK cells have been
abandoned in favor of more developed therapies like CIK
cells or NK cells, TILs have proven their efficacy in mela-
noma patients [58, 59] and are still under investigation in
many ongoing clinical trials. Promising results have been
shown in renal cell cancer and now also NSCLC, but results
are still pending in other solid tumors. Because of its high
TMB (and the high potentiality for neoantigens it offers) and
the known specificity of TILs for neo-antigens, NSCLC has
always been thought to be a good potential target for adop-
tive therapy with TILs. Advantages compared to LAK cells
are their specificity toward the patient’s tumor cells and the
fact that they can be expanded with a dose of IL-2 100 times
lower, inducing less toxicity.

TILs are a heterogeneous population composed of ter-
minally differentiated T cells with many inhibitory recep-
tors and of stem cell-like CD8 4+ T cells. There is cause
for believing that exhausted dysfunctional TILs represent
the real antigen-specific population while other T cells are
merely bystanders that can be characterized by a CD39- phe-
notype [60, 61]. To produce TILs for adoptive therapy, lym-
phocytes are isolated from tumor tissue. They are expanded
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Table 1 (continued)

Toxicity

Efficacy

Dose-administered  Preparation

Source

Treatment

Patients

Study type

Reference

1CR,1PR,2 No adverse event

10*8-10*9 TKD peptide, IL-2

Autologous,

NK

16 NSCLC, stage

Phase II

Multhoft, 2020

attributed to NK

cells

SD, 2 PD in the

(/2-6 weeks, 4

cycles)

IIIA/B, after peripheral blood

[54]

treatment group

RCT, mHsp70+

vs 1 PR, 1SD, 5

PD in the control

group

SNKO1 preparation SD as best overall
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sive disease, mOS

and activated in vitro with cytokines and feeder cells or
antibody-coated beads (anti-CD3). IL-2 is the most used
cytokine but a downside of IL-2-based expansion is that it
leads to negative selection of the exhausted cancer-specific T
cells that have become less responsive to IL-2 [62]. Research
is underway to rapidly identify and select the tumor-reactive
cells before IL-2 expansion [63]. For example, an enhanced
sorting strategy based on CD39, Tim3, Slamf6 and PD1
expression could improve in vivo persistence by selecting
T cells of interest [64]. Another way to improve reactiv-
ity towards tumor cells is to incubate TILs not only with
cytokines but also with predicted HLA-I neoantigens, thus
increasing the proportion of neoantigen-specific CD8 + TILs
[62]. The use of IL-21 could also be beneficial by promoting
memory T cells instead of dysfunctional terminally differ-
entiated T cells, increasing persistence [61].

A lymphodepleting regimen is often administered before
reinfusion into the patient, followed by subsequent IL-2
infusions. Lymphodepletion with fludarabine and cyclophos-
phamide is used to decrease Treg and other immunosuppres-
sive cells and to decrease endogenous T cells, increasing
efficacy and proliferation of TILs in their stead [65]. Due to
this lymphodepleting regimen, adoptive T cells can represent
up to 80% of circulating CD8 + T cells several months after
infusion [66].

Extraction and culture of TILs ex vivo allow for reactiva-
tion and expansion before reinfusion into the patient, on the
hypothesis that a larger number of T cells will overcome
more easily immunosuppression after this treatment. It relies
on the assumption that the patient presents an immunosup-
pressed phenotype, but an immunogenic tumor with active
lymphocytes. It cannot work if there are not enough TILs
to amplify, if they are too strongly altered, or if they do not
recognize tumor antigens. It is of interest to note that natu-
ral TCR with a high affinity for self-antigens are negatively
selected in the thymus [67]. By a matter of consequence,
TILs against self-tumor-associated antigens have lower affin-
ity TCRs and weaker activity than TILs against neoantigens.

Studies on TILs ACT have been ongoing for several
decades in NSCLC (see Table 2). Kradin et al. in 1989
[68] tested them on melanoma, renal cell cancer and
advanced or metastatic NSCLC patients, but TILs were
mostly effective in melanoma and renal cell cancer patients
with around 25% objective tumor response, whereas no
response or progressive disease was observed in NSCLC.
Ratto et al. [69] found a survival benefit after surgery and
radio-chemotherapy in a large randomized controlled trial
in 1996, mainly driven by the stage IIIB subgroup. No
other study confirmed these results, and they might be dif-
ferent with our actual standard of care. Not much has been
published since. Studies are currently ongoing in advanced
or metastatic NSCLC, in association with PD-1/PDL-1
checkpoint blockers [70] or as standalone therapy [71].
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Creelan et al. just published the results of a phase I study
[72] focusing on TILs therapy in patients progressing on
nivolumab in advanced NSCLC. They expanded TILs from
resected metastases (mainly pleural nodes and supraclav-
icular lymph nodes) before starting nivolumab and added
TILs, a lymphodepleting regimen and IL-2 if the patient
had progressive disease. Only one patient had insufficient
TILs after expansion, and 16 patients were treated with
ACT. Two complete responses were noted and persisted
after 18 months (interestingly enough, one of them carried
an EGFR mutation) and 11 patients had a reduction in
tumor burden with a median of best change around -35%.
Two patients stopped treatment because of toxicities,
mainly attributed to IL-2 infusion and lymphodepleting
regimen. These results are therefore quite promising for
the use of TILs in NSCLC.

Since a large number of clinical trials testing TILs ACT
have been carried out in melanoma patients, there are some
data available on prognosis markers of efficacy. TILs are
often a mix of CD4 +and CD8 +T cells, but a higher propor-
tion of CD8 +T cells in the infused TILs seems to be predic-
tive of a better response [73]. Interestingly, when compar-
ing TILs expanded from lung cancer patients and melanoma
patients, Ben-Avi et al. found a significative lower propor-
tion of CD8+T cells in lung cancer patients than in mela-
noma [74], even though they have similar expansion capaci-
ties. A higher peripheral blood lymphocyte count also seems
to be an indicator of response [68], as is HLA-I expression.
Indeed, loss of HLA expression is logically correlated with
a lower T cell activity since T cells then become incapable
of recognizing tumor cells [75]. Loss of HLA expression or
defects in the antigen-processing machinery are a common
escape mechanism in cancers. It is particularly frequent in
NSCLC and is associated with a decreased T cell infiltration
[76]. The only ways to overcome this are immune cells not
necessarily needing HLA expression to exert their activity
like NK, NKT, or CAR-T-cells or new treatments that could
reestablish HLA presentation. In tumor murine models, Fhit
gene transduction induces the restoration of HLA-I expres-
sion and induces a T cell-mediated immune rejection of the
tumor [77]. Whole-exome and transcriptome sequencing
show that high HLA-I antigen processing and presentation
score is associated with better outcomes [78]. The same
study also focused on neoantigen prediction and concluded
that higher mutation and neoantigen load are associated with
better OS and PFS in adoptive T cell therapy.

Another mechanism of resistance of cancers toward T
cells is the immunosuppression exerted by the TME. How-
ever, preclinical trials suggest that activated adoptive T cells
might overcome MDSCs and M2 tumor-associated mac-
rophages (TAMs) immunosuppression in vivo [79]. This
probably depends on the avidity of TCR for HLA-presented
antigens, since high-avidity T cells recognizing antigens

with a high-affinity for HLA-I proteins seem to overcome
this immunosuppression, whereas low-avidity T cells or
low-affinity antigens do not [80]. It would therefore be logi-
cal to prime or engineer T cells toward specific antigens to
improve efficacy like with DC vaccines, TCR-engineered
cells, and CAR-T-cells.

Tumor vaccines using dendritic cells (DCs)
and dendritic cell-derived exosomes (DEX)

In opposition to the previous ACT that can be considered
as passive and rely on the antitumoral effect of cells that
are injected into the patient, another option is to educate the
patient’s immune system. The goal is to expand and activate
T cells targeting relevant tumor antigens within the patient
to kill cancer cells and acquire an immunological memory
for future relapses [81]. This can be achieved through what
has been called tumor vaccines. Many different forms exist,
for example injection of peptides, mRNAs, DCs pulsed with
antigens. DCs are a particularly attractive option in terms
of efficacy [82]. Indeed, they are the most potent antigen-
presenting cells (APCs) of our organism. They offer the
advantage of stimulating both the adaptive and innate immu-
nity. They prime lymphocytes, but they also have a more
global action on antitumoral response. For example, through
cell-to-cell contact, they can promote NK cell activity [83].
Development of DC vaccines led to an approved treatment
for prostate cancer (Sipuleucel-T) but regrettably DCs vac-
cines have been rather disappointing in thoracic malignan-
cies [84] (see Supplementary Table 1).

Dendritic cells are obtained through leukapheresis and
isolation of monocytes/dendritic cells. It is important to
note that isolation of monocytes through the purification
of CD14 + cells also isolate myeloid-derived suppressor
cells (MDSCs) and that this can limit DC maturation in
patients with a high proportion of MDSCs [85]. Isolated
cells are then cultured in vitro with IL-4 and GM-CSF to
induce differentiation into DCs. Activating factors are added
to promote maturation, like TNFa, IL-1p, IL-6 and pros-
taglandin E2, but the use of TriMix (electroporation with
mRNA encoding CD40 ligand, CD70 and a constitutively
active TLR4) has proven to be more rapid and efficient [86].
Indeed, TNFa, IL-1pB, IL-6 and prostaglandin E2 could
induce dysfunctional DCs with a high expression of PDL-1
[81]. After differentiation and maturation, DCs are loaded
with antigens, which can be proteins, peptides, mRNA,
cancer cell line lysate or tumor lysate. Of note, peptides
are HLA-restricted and cannot be used with every patient,
whereas other preparations such as mRNA or tumor lysates
do not exhibit this issue. Finally, DCs are injected into the
patient to activate antigen-specific T cells. Methods of injec-
tions vary between studies. Subcutaneous (SC) and intra-
dermal (ID) injections are often used because it is easy and
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safe, but the majority of DCs will never reach the lymph
nodes and will stay at the site of injection. Biodistribution
is better with intranodal (IN) or intravenous (IV) administra-
tions. Intravenous administration results in biodistribution
into the pulmonary vascular bed where numerous resident T
cells can be encountered and activated [81]. Several studies
use different routes of administration at the same time (for
example, intradermal and intravenous). Dose and rhythm of
administration are subject to discussion. A strong expansion
and activation of T cells with a high single-dose could result
in exhaustion, whereas lower repeated stimulation could
boost central memory T cells and lead to a more long-term
efficient response.

One of the main challenges of this approach is to deter-
mine immunogenic antigens, especially in lung cancer
patients who do not share the same antigens. Targetable
antigens are divided into five different categories: neo-
antigens (due to single-nucleotide variations and indels
in tumor cells), cancer-germline antigens (epigenetically
suppressed except in gonads, placenta and some cancers),
self-tumor-antigens (shared between tumor cells and their
tissue of origin), overexpressed shared antigens (present in
normal tissue but overexpressed in tumor cells), and viral
oncogenes (in some cancers induced by viruses). Neoanti-
gens are particularly interesting because of their tumor cell
specificity and their potential for strong avidity. Indeed, due

to self-tolerance, self-tumor-antigens have a lower avidity
for T cells [67]. There is supposedly no risk of targeting
healthy cells when targeting neoantigens, in opposition to
overexpressed oncogenic proteins or oncofetal antigens that
might be expressed by other cells. Oncoviral antigens would
also be an optimal target but are not involved in thoracic
malignancies.

Principal challenges in identifying relevant neoantigens
consist in difficulties to infer protein expression levels, HLA
presentation and TCR affinity from RNA sequencing or
whole-exome data. In the last 10 years, advances in bioin-
formatics have led to the creation of pipelines predicting the
most interesting neoantigens presented by the tumor [62].
Neoantigens and their clonality are inferred from the anal-
ysis of whole-exome sequencing and RNA sequencing of
tumor cells and normal cells. Algorithms can then be used to
predict neoantigens with the best potential to undergo HLA
presentation and TCR recognition [87]. Mass-spectrometry-
based immunopeptidomics is another way to select candidate
neoepitopes. Immunogenicity is then tested in the presence
of T cells recognizing the neoepitopes presented on pMHC
multimers or antigen-presenting cells. Finally, the selected
antigens can either be pulsed into dendritic cells in vitro or
directly injected into the patient to boost a specific adaptive
immune response (see Fig. 2). Despite high cost and anal-
ysis time, this technique yields good results in melanoma
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Fig.2 Neoepitopes selection and use in adoptive therapies. Iden-
tification of immunogenic neoepitopes is a crucial step to creating
personalized adoptive therapies. Several methods exist. Tumor and
blood samples can be sequenced (through whole genome or whole
exome sequencing) to identify variants specific to the tumor. Expres-
sion is then validated by RNA sequencing, and neural network algo-
rithms are used to predict neoepitopes with the best avidity and sta-
bility for TCR recognition. Another way to identify these presented
neoepitopes is through mass spectrometry of the tumor samples.
Neoepitopes are then synthetized (mainly through the form of short
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peptides or mRNA) to be tested for immunogenicity. They are either
presented by isolated autologous or haploidentical allogeneic antigen-
presenting cells or by pMHC multimers to expanded T cells. Immu-
nogenicity is evaluated by functional assays such as activation of
co-stimulatory markers (4-1BB/CD137) or IFNy secretion. Reactive
T cells can then be isolated in order to sequence the specific TCR,
which can then be transduced into effector cells before reinfusion into
the patient. Neoepitopes can also be directly injected into the patient
or pulsed into DCs to stimulate the adaptive response of the patient.
Figure created with BioRender.com



Cancer Immunology, Immunotherapy (2022) 71:2077-2098

2087

and seems feasible in clinical practice [88]. Ding et al.
[89] recently published a study evaluating this technique
in advanced lung cancer patients. Eighteen patients were
included. One was excluded because of insufficient material
for high throughput sequencing and 5 others were excluded
due to insufficient numbers of actionable neoepitopes, loss
of heterozygosity in HLA or death from rapid tumor pro-
gression during preparation time, underlining several limits
of the method. Thirteen to 30 peptide-based neoantigens
were selected for the remaining patients and loaded into
autologous DCs. Tolerance was good with only minor reac-
tions at the site of subcutaneous injection. Partial response
was seen in 3 patients and stable disease in 6 patients (DCR
75%), with better outcomes in patients continuing ICBs to
which they had previously become resistant (4 patients),
showing promising results for this technique.

An easier, less specific, and more frequently used option
for targeting multiple tumor-specific antigens is to incubate
dendritic cells with tumor lysate or dead tumor cells. Two
phase-I studies with autologous tumor lysate demonstrate
safety but no efficacy signal [90, 91]. In MPM, Aerts and his
team use tumor lysate to pulse DCs. In their first trials, they
used autologous tumor lysate [92], but now they prefer to
use allogeneic tumor lysate to facilitate implementation. In a
phase I study, 9 patients were treated with DCs pulsed with
allogeneic tumor lysate extracted from 5 mesothelioma cell
lines [93]. Two patients experienced partial response while
the remaining 7 had stable disease (half of the patient were
in the adjuvant context). PFS was 8.8 months. The authors
are currently leading phase II/III trials to expand on these
promising results [94, 95].

As in other adoptive therapies, a limitation faced by DC
vaccination in lung cancer is the strong immunosuppressive
TME, explaining poor results in clinical trials outside the
premalignant or minimal residual disease setting. Indeed,
vaccines will induce a T cell response, but T cells and
DCs might not be able to act against the immunosuppres-
sion they are faced with. Tregs might also be expanded and
block effector cells after vaccination [96]. Chemokines like
CCL4 are often downregulated, decreasing the recruitment
of DCs into the tumor. VEGF, TGFp, IL-6 and IL-10 secre-
tion inhibits differentiation and maturation of DCs. The lack
of nutrients and oxygen in the tumor alters their metabolism.
Other strong limitations are the process of cancer immu-
noediting and tumor escape through HLA loss. Whereas
highly immunogenic antigens are expressed in the early
stages of cancer, T cell immunoselection leads to the selec-
tion of tumor cells lacking these high affinity antigens [97],
and as described with TILs, tumor cells can acquire resist-
ance through loss of antigen presentation, becoming invis-
ible to TCR-mediated immunity. Rosenthal et al. evaluated
RNA sequencing data of tumor cells depending on TIL ratio
and showed that immune-infiltrated regions exhibit ongoing

immunoediting as opposed to non-infiltrated regions [98].
They noted loss of heterozygosity in HLA antigens and
depletion of neoantigens, showing the negative selection that
occurs when facing an efficient immune microenvironment.

In thoracic malignancies, DC vaccines have been
explored in different indications and with different meth-
ods [81]. The first study in 2001 used DCs pulsed with a
peptide derived from an HLA-10201-specific peptide of the
carcinoembryonic antigen (CEA) in metastatic or recurrent
NSCLC or colorectal cancer (CRC) with elevated serum
CEA [99]. Tolerance was acceptable with 5 out of 12 cases
of mild diarrhea and complete response was observed in
2 patients, however only colorectal cancers. Other studies
on CEA-pulsed DCs showed similar results, with at best
stable disease [100, 101]. Shared overexpressed antigens
have also been investigated in NSCLC with a first clinical
trial on TAA mucin 1 (MUCI1)-loaded DCs in 2003 [102].
Patients with advanced or metastatic breast or lung cancer
were included, and partial response was observed in 7 out
of 9 MUC1-positive patients with no severe side effects.
Due to difficulties pertaining to a stronger immunosup-
pressive environment, not many studies have been carried
out in SCLC. Antonia et al. [103] looked into p53 DC vac-
cines. Indeed, tumor-suppressor gene TP53 is mutated in
more than 90% of SCLC cases. Tolerance was good, even
after repeated infusions. Interestingly, while DC vaccines
achieved mitigated responses during treatment, second-line
chemotherapy yielded better ORR in the 41.8% of patients
with a p53-specific T cell response after initial DCs infu-
sions (78,6% vs 33,3% in patients with a negative immune
response). Whether this is related to innate immune char-
acteristics of the patient or if there is a causal link remains
to be determined. The idea of loading DCs with multiple
antigens has also been investigated but in very preliminary
studies [104].

In the adjuvant context, DCs pulsed with apoptotic bodies
of an allogeneic cell line have been tested in NSCLC with a
good safety profile but no control group to compare efficacy
[105]. MUCI1-pulsed dendritic cells with siRNA-silencing
of suppressor of cytokine signaling A (SOCS1), which
downregulates DC activation, showed promising results in
resected NSCLC [106].

DCs can also be used to activate immune cells in a TCR-
independent manner. Ishikawa et al. [107] published a phase
I study using a-galactosylceramide (ax-GalCer)-pulsed DCs.
It is a type of glycolipid that specifically activates NKT cells
and increases their cytotoxic activity and their IFNy and
IL-4 secretion. Treatment response was disappointing with
at best stable disease. However, overall survival seemed
promising and a phase II/III study is ongoing [108]. DCs
have also been used to attract other immune cells. In a phase
I study, Lee et al. [109] transduced the CCL21 chemokine
into DCs instead of pulsing DCs with antigens to increase
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T cell infiltration. DCs were then injected directly into the
tumor through CT-guidance or bronchoscopy. CD8 + T cell
infiltration and PDL1 expression increased, but there was no
signal towards improved clinical outcomes.

Some studies have explored another way to use DCs
for vaccines without having to infuse the actual DCs.
They prefer to use DC-derived exosomes (Dex). Dex are
50-150-nm-diameter secreted extracellular vesicles display-
ing a molecular composition that bestows them with potent
immunostimulatory properties. Dex maintains the key func-
tions of DCs in their ability to present tumor-associated anti-
gens (TAA) and to activate TAA-specific immune responses
[110, 111] as well as triggering NK cells response [112].
Three clinical trials using autologous TAA-loaded Dex have
been previously completed in cancer patients [113—-115].
These studies highlighted the feasibility of large-scale
Dex production and confirmed an excellent safety profile
for Dex administration in patients. In NSCLC patients, a
first study on 9 patients with advanced MAGE* NSCLC
received MAGE3.Al-loaded Dex. Although only minimal
increases in peptide-specific T cell activity were detected,
NK cell lytic activity was upregulated. Observed stability
of disease in some of the immunized patients was observed
[114]. In a second study in NSCLC patients, “second gen-
eration” of Dex (derived from IFNy-matured DC) was used
[116]. The results of this phase II trial indicated that IFN-y-
Dex was well tolerated and that these “second generation”
of Dex could boost NKp30-dependent NK cell functions
while having no detectable induction of antigen-specific T
cell responses. Twenty-two patients were evaluated for clini-
cal responses according to RECIST criteria after injections
of IFN-y-Dex. The median PFS and OS for all 22 patients
were 2.2 and 15 months, respectively. There was no objec-
tive tumor response according to RECIST criteria [115].

In terms of prognostic markers of response for DC vac-
cines in general, retrospective studies suggest that the adeno-
carcinoma subtype, an erythema reaction with a diameter
superior or equal to 30 mm at the injection [117], the devel-
opment of immune-related side effects, or a percentage of
lymphocytes superior to 20% prior to vaccination [118] are
all associated with better outcomes. They also underline bet-
ter outcomes in case of repeated injections, but their retro-
spective and uncontrolled designs limit their interpretation.

As was mentioned with CIK cells, combinations between
DC and CIK cells yield better results than any of these thera-
pies alone. While ORR-to-DC vaccines in lung cancer is
about 9.3 and 3.0% in SCLC, DC vaccination combined with
CIK cell therapy and/or chemotherapy is around 31.2% [81].

@ Springer

Engineered adoptive therapies
TCR engineering

The most used TCR-engineered immune cells are T cells.
Contrary to TILs, adoptive therapy using engineered T cells
does not require the presence of many active and specific T
cells in the tumor and could possibly be achieved in tumors
with a “cold” phenotype. The question is no longer how
to harvest enough cells to reach clinical efficacy, but how
to select high-avidity TCRs and how to expand this engi-
neered population without inducing dysfunction. T cells
are obtained from the peripheral blood of patients, mainly
by leukapheresis, and are transduced with a TCR against
tumor antigens before expansion and reinfusion, principally
through lentiviral or retroviral transduction, but newer tech-
niques like CRISPR-Cas9 editing can also be used. Stimula-
tion usually occurs with anti-CD3 and anti-CD28 antibod-
ies, followed by expansion in the presence of IL-2 [119].
However, IL-2 expansion might lead to the development of
dysfunctional terminally differentiated T cells. To prevent
this, a short culture time is recommended, as well as the use
of memory-phenotype promoting factors like IL-21 [61] or
IL-7 and IL-15 without IL-2 [119]. These cytokines favor
the expansion of stem-cell-like T cells rather than termi-
nally differentiated T cells, which has proven to increase
persistence. Further engineering of the T cells could also
help improve trafficking and persistence, for example, by
inducing cytokine secretion directly onto T cells [120]. This
way cytokines will continue to exert their action after infu-
sion into the patient. This will be discussed in more detail in
a further paragraph. Lymphodepleting chemotherapy prior
to infusion and high-dose IL-2 after infusion are globally
linked with better outcomes compared to studies where no
other action has been implemented to ensure persistence
[121].

The main challenge is the same as for DC vaccines and
remains a major limitation in lung cancer: there is no obvi-
ous optimal antigen that would target all tumor cells and
preserve healthy cells. There is an important heterogene-
ity in tumor antigen expression between patients but also
within the patients themselves. The variety of antigens used
in clinical trials focusing on thoracic malignancies reflects
this heterogeneity (see Supplementary Table 2). Some target
antigens are common between cancer types, such as New
York esophageal squamous cell carcinoma 1 (NY-ESO-1),
MAGE-A10 and cancer testis antigen 2 (LAGE-1a). Clinical
trials using engineered TCR against some of these antigens
have shown an ORR above 50% in synovial sarcoma, mul-
tiple myeloma and metastatic melanoma [122, 123]. In the
case of NY-ESO-1, there are surprisingly not as many on-
target off-tumor side effects as could be expected of a shared
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antigen. Clinical trials are actually ongoing in advanced
NSCLC, testing these T cells alone or in combination with
pembrolizumab [124, 125]. However, on-target off-tumor
toxicities are quite frequent with antigens shared between
tumor cells and healthy tissue. For example, T cells targeting
ACE cause severe colitis [126] and T cells targeting mela-
noma/melanocytes antigens cause uveitis and hearing loss
[127].

Studies using bioinformatics to determine individualized
relevant antigens in a patient are ongoing. Biotech compa-
nies are investigating target peptides with the best specificity,
copy number and expression homogeneity. They created dif-
ferent T cell-based therapies based on this technology, like
IMA101 and IMA201 for the company Immatics. IMA101
are T cells targeting antigens identified by an outsourced
platform from a pool of predefined targets, which are cur-
rently being tested in relapsed or refractory solid tumors
[128] and IMA201 are MAGEA4/8-TCR-engineered T cells
[129]. In these clinical trials, they focus on tumor-associated
antigens (TAAs). Tumor samples are screened for expres-
sion of frequent TAAs (MAGEA1, MAGEA4, MAGEAS
NY-ESO-1, etc.), and patients are included if their tumor
expresses at least one of the TAAs for the first clinical trial
and MAGEA4/8 for the second. In the first, T cells are then
selected depending on their specificity toward up to four of
these TAAs, activated and expanded with IL-21 before rein-
fusion into the patient. In the second, TCRs have been iden-
tified through the Immatics TCR discovery platform for their
affinity and for their specificity toward TAAs without rec-
ognition of healthy cells. They are then transduced into the
patient’s isolated PBMCs before reinfusion. Results regard-
ing efficacy and toxicity are still pending. The next step
under investigation for these platforms is the identification
of high-affinity neoantigens and TCR engineering toward
several of these neoantigens, as was previously described
with vaccination (see Fig. 2). Clinical trials are currently
ongoing to determine the feasibility, safety, and efficacy of
these personalized adoptive T cell therapies (NCT03970382,
NCT03891706). However, an important limitation compared
to vaccination is the added time needed for the identifica-
tion of T cells with a high-affinity neoantigen-specific TCR
and their expansion [130, 131]. TCR identification can be
shortened with the use of allogeneic T cells [132], but allo-
geneic TCRs are at risk for self-reactivity against healthy
tissue. Once specific TCR are identified, they are transferred
into T cells by different methods, like retro- or lentiviral
transduction, or more recently CRISPR-Cas9 editing [133].
Pipelines predicting the best neoantigens in a patient are an
innovative solution but are unfortunately patient-specific and
do not allow for mass production of TCR-engineered T-cells
for several patients.

CAR engineering

CAR-T cells (Chimeric Antigen Receptor T cells) have
gained a lot of attention due to their promising results in
hematological malignancies. Strong benefits have been
observed in acute and chronic lymphoblastic leukemias and
in non-Hodgkin lymphomas with anti-CD19 CAR-T-cells
[134-136] and anti-CD20 CAR-T-cells [137], with up to
90% of study patients achieving complete remission.

The difference between CARs and TCRs is that CARs
are a completely synthetic receptor designed to recognize a
specific antigen without HLA presentation. Antigens must
be surface proteins, whereas TCR can target intracellular
peptides that are presented by HLA molecules at the cell
surface. Several generations of chimeric receptors now exist.
They all are artificial fusion proteins with an extracellular
antigen binding portion and a transmembrane domain. They
differ by their intracellular co-signaling portions. First gen-
eration receptors only had a CD3( binding site, but the acti-
vation signal was insufficient to properly induce activation
and proliferation. Second- and third-generation CARs have
more co-stimulatory binding sites to increase clonal expan-
sion, for example 4-1BB (also known as CD137) and CD28.
Interestingly, 4-1BB and CD28 are not completely equiva-
lent. It has been suggested that 4-1BB favors T-cell mem-
ory-associated genes, whereas CD28 leads to an exhausted
phenotype more quickly [61]. Third-generation CARs dif-
fer from second-generation CARs by combining several
co-stimulatory domains. Fourth-generation CARs are also
called TRUCKSs for “T cells redirected for antigen-unre-
stricted cytokine-initiated killing.” They differ from other
CARs by the insertion of genes coding for cytokine like
IL-12 or IL-18 into the CAR vector to improve persistence
and cytotoxicity [138]. Safety genes can also be added into
the construct [139, 140]. They are also called suicide genes
and code for molecules expressed on CAR-T-cells (or less
frequently TCR-engineered T cells) that lead to their death
upon administration of a specific drug. For example, the
Caspase9 system can be used. Administration of a synthetic
molecule induces the dimerization of the chimeric protein
coded by the safety gene, which induces apoptosis [140]. It
allows for rapid clearing of CAR-T-cells when they cause
severe adverse effects by binding antigens on healthy cells.

As with TCR engineering, T cells are harvested through
leukapheresis. CARs are then transduced in vitro with
a lentivirus or retrovirus, or other gene editing strategies
such as TALEN or CRISPR-Cas9 before expansion. Trans-
duction can have varying results depending on the patient,
some patients being excluded from clinical trials due to
insufficient expansion rate after transduction [141]. CAR
mRNA electroporation into T cells for transient expres-
sion has also been studied [142], with the hypothesis that
there would be lesser toxicities, but efficacy seems to be
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harder to demonstrate. Finally, they are reinfused into the
patient, often following non-myeloablative lymphodepletion
using cyclophosphamide and fludarabine. Allo-CAR-T-cells
have also been described but have not been used in thoracic
malignancies.

There are several limits to the use of CAR-T-cells. For
one, important toxicities have been reported in hematologi-
cal malignancies. A third of patients experience a cytokine
release syndrome [143] with an increase in IFNy and TNFa
leading to the recruitment of macrophages and the release
of cytokines such as IL-1, IL-6, and IL-10. Symptoms
range from mild to severe, with fever, fatigue, myalgia, nau-
sea, but also hypoxia, arterial hypertension and 40% glial
lesions. Tocilizumab (an anti-IL-6 monoclonal antibody)
is the treatment of choice. Another third of patients suffer
from a cytokine-induced cerebral toxicity named ICANS
[143], with symptoms of confusion, delirium and cerebral
edema. Treatment consists of steroids. However, these two
syndromes are not observed in early phase studies in solid
tumors. This might be explained by the localization of
tumor cells, which are generally not in the blood or lym-
phoid organs in solid malignancies contrary to hematologi-
cal malignancies. Nevertheless, organ toxicity is possible
if the target antigen is expressed on normal cells. This has
been anticipated in some constructs, and suicide genes have
been incorporated in the event of severe toxicities arising.

In solid tumors, there are more obstacles to overcome,
mainly due to the TME [144]. It can have a barrier effect,
preventing the penetration of CAR-T-cells. It can also lead
to the anergy of the infused T cells if the proportion of
immunosuppressive cells such as MDSCs, TAM or Treg is
too important. In preclinical studies, CAR-T-cells that have
succeeded in infiltrating the tumor rapidly lose their activ-
ity. They regain it if they are isolated from the tumor [145].
This could partly be explained by inhibitory receptors like
PD-1, which is an argument for combining ICBs and adop-
tive T cell therapy. Another issue is the low persistence of
CAR-T-cells, which is an important determinant of their
efficacy [146]. Persistence can be improved by enhancing
memory CAR-T-cell formation, for example, by using IL-7
and IL-15, which are cytokines preserving memory pheno-
types during expansion [147].

Another important issue, as mentioned with vaccines
and TCR-engineered cells, is to find optimal target antigens.
EGFR has been studied as a target of CAR-T-cells in NSCLC
due to its frequent overexpression. In a phase I study, Feng
et al. [148] showed that it was safe in relapsed or refrac-
tory NSCLC, with only a transient grade 3—4 serum lipase
increase. A median of 29.28% of the cells injected expressed
the EGFR-CAR, and persistence was extremely variable,
from 11 days to more than 37 weeks. Only 2 patients in 11
obtained partial response, and they were in a subgroup also
receiving a cisplatin doublet. Even though no conclusion
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can be drawn from this phase I study, recent studies suggest
that adding platins to the lymphodepleting regimen increases
CAR-T-cell infiltration and response [149]. Indeed, even
with low-dose fludarabine and cyclophosphamide, Specht
et al. observed that anti-ROR-1 CAR-T-cells had limited
tumor infiltration and T cell activity in NSCLC and triple-
negative breast cancer (TNBC) [139]. PDL-1 has also been
proposed as a target. It is a frequent target of checkpoint
blockers and causes anergy in effector cells when binding
PD-1. It is overexpressed not only on tumor cells but also on
immunosuppressive immune cells such as MDSCs, and its
expression is supposedly very low in vital organs. In theory,
it should specifically target PDL-1-positive lung cancer cells
and the immunosuppressive TME. Results have, however,
been disappointing with the development of severe delayed
pulmonary toxicity in the first patient included in a phase-I
study [150]. Pneumonitis correlated with isolated high IL-6
and CRP levels without any argument for infection or typical
cytokine release syndrome. Evolution was favorable after
treatment with tocilizumab and corticosteroids.

Apart from NSCLC, CAR-T-cells have gained a growing
interest in MPM (see Supplementary Table 2). Adusumili
et al. and Haas et al. created anti-mesothelin CAR-T-cells,
since mesothelin is a highly expressed cell-surface glycopro-
tein in MPM (with the exception of sarcomatoid mesothe-
liomas) that can also be found in metastatic lung, ovarian,
pancreatic and breast cancers [140, 151] and at low levels
on normal mesothelial cells. No toxicity was observed in the
two phase I trials, and a phase II trial is currently recruiting.
Lymphodepletion improved CAR-T-cells’ expansion by an
tenfold ratio, but not persistence, which was under 28 days
for most patients [151]. Of note, of 18 patients included in
the phase I study by Adusumili et al., 14 received subse-
quent anti-PD1 therapy and 11 achieved disease control (2
complete responses, 5 partial responses and 4 stable dis-
ease). Hiltbrunner et al. published a phase-I clinical trial
using intra-pleural injections of anti-FAP (fibroblast activa-
tion protein) CAR-T-cells after three chemotherapy cycles
[141]. FAP is overexpressed on all MPM subtypes and on
tumor stroma compared to healthy tissues. Systemic anti-
FAP CAR-T-cells were detected at 21 days, proving sys-
temic distribution, and no toxicity was observed. Targeting
FAP has the advantage of weakening the tumor stroma and
to increase tumor infiltration, allowing for better efficacy
toward FAP-expressing tumor cells.

Many argue that TCR-based therapies offer more advan-
tages than CAR-based therapies [131]. CARs need a higher
amount of antigens per cell for activation [152], have more
difficulties penetrating the tumor and, as mentioned above,
only target membrane-bound antigens, whereas TCRs have
access to a larger panel of antigens through HLA presenta-
tion. Neoantigens being of great interest in thoracic malig-
nancies and being mostly intracellular, TCR-based therapies
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might be particularly interesting in lung cancer treatment.
HLA-restriction can, however, be a limit to TCR-therapy,
since most clinical trials only include HLA-A*02,011-
positive patients, excluding large parts of the population
[128, 129, 153]. Tumor escape through loss of antigen is a
common problem to both CAR-based and TCR-based T cell
therapies, but CAR-T-cells have the advantage of not being
impacted by defects in HLA presentation since they are not
HLA-dependent, contrary to TCR therapies. A partial solu-
tion to loss of antigen is to create therapies targeting several
antigens [154]. Another solution already mentioned above
is to add CARs to NK or CIK cells. While TCR and CAR-
engineered T cells are of great interest, TCR- and CAR-engi-
neered NK or CIK cells are an interesting alternative [155].
With NK cells, there is a lesser need for HLA compatibility,
allowing the use of allogeneic NK cells for “off-the-shelf”
manufacturing with reduced alloreactivity issues. They have
less toxicity (no cytokine release syndrome), a better persis-
tence, and they retain antitumoral effect through their innate
cytotoxic activity in case of tumor escape through antigen
loss [156]. Drawbacks are the difficulties encountered for
isolation, expansion and transfection of NK cells. CAR-NK
cells are under development with ongoing studies investi-
gating CARs against PDL1, MUCI1, mesothelin [52], etc.
Research teams have also created CIK cells with a CEA-
CAR for colon carcinoma [157] and CD44v6-CAR for soft
tissue sarcomas [158], both appearing to yield better results
than non-modified CIK cells. No study has been published
as of yet in thoracic malignancy using CAR-NK or CAR-
CIK cells.

Other modifications

To improve persistence and efficacy, T cells can be modi-
fied to express different molecules besides TCR or CAR
engineering. To address the issue of T cells trafficking, T
cells can be modified to express chemokine receptors. In
preclinical models of MPM, adding the chemokine receptor
CCR2b to anti-mesothelin CAR-T-cells led to a 12.5-fold
increase in T-cell tumor infiltration, which in turn increased
antitumor activity [159]. Trafficking can also be improved
by regional delivery. Intrapleural administration of adoptive
T cell therapy directly into the pleura for MPM bypasses
pulmonary sequestration and increases infiltration rate
[140, 160]. Efficacy of effector cells in the TME can also
be improved through genetic modifications. For example,
engineering IL-12 secretion into CD8 + T cells improves
their efficacy in a melanoma mouse model [161]. IL-12 acts
by reprogramming suppressive immune cells, attenuating
the inhibiting effects of cells such as MDSCs on effector
cells and leading to an increase in the percentage of active
CD8+T cells [162]. Another research team suggested
that IL-12 can allow CAR-T-cells to retain an antitumoral

activity even after tumor antigen loss through recruitment of
macrophages with an antitumoral phenotype [120].

T cells can also be modified to be less susceptible to inhi-
bition. For example, the PD-1 gene can be removed using
CRISPR-Cas9 editing [163, 164]. In heavily pre-treated
NSCLC (at least 3 lines of treatment) with PDL-1 expres-
sion on tumor cells, knock-out of PD-1 using CRISPR-Cas9
was judged safe with no grade 3 or 4 toxicity [164]. Grade
2 events consisted of lymphopenia and neutropenia and
only occurred in one patient. However, there was no signal
for efficacy either, even though persistence seemed good.
Disease control rate at 8 weeks was 16.7%, and objective
response rate was null. This study underlines preparation
time and its limits. Indeed, preparation of T cells for rein-
fusion spanned from 17 to 40 days with a median time of
25 days, leading to 4 exclusions of patients either because of
progressive disease or because of intercurrent acute pathol-
ogy. Interestingly, of 22 enrolled patients, 5 had insufficient
expansion of T cells for treatment, underlining another limit
of adoptive therapies using autologous cells in clinical prac-
tice. Another noteworthy manipulation of PD-1 has been
experimented in mice with a switch receptor [165]. A chi-
meric receptor has been transduced into CAR-T-cells with
a truncated extracellular domain of PD-1 and a transmem-
brane and signaling domain of CD28, which is a stimulatory
receptor. Binding with PDL-1 would then lead to stimulation
instead of anergy.

The goal of these different methods is to solve the differ-
ent limitations that adoptive therapies face, such as traffick-
ing to the tumor site, persistence, maintaining an antitumoral
activity, fighting against an immunosuppressive TME. They
are often combined with TCR or CAR engineering [131].

Combinations

While all the adoptive therapies mentioned previously offer
attractive options to improve the immune response toward
cancer cells, they often have a disappointing efficacy in
phase II studies. Improving one part of the immune response
without acting on other opposing parts might not be enough.
By way of example, adding T cells without inhibition of
the PDL-1/PD-1 axis and/or immunosuppressive immune
cells decreases their potential activity. With this reasoning
in mind, many recent studies on adoptive therapies focus
on combinations between different modalities of treatment.

Combinations between immune-based therapies
Melanoma is currently the solid tumor type with the most
positive results in immunotherapy clinical trials, so it is a

good example of what can be done with adoptive therapies,
ICBs, and other kinds of immunotherapy. Many clinical
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trials are currently investigating combinations, and pre-
liminary results indicate better results than any of these
treatments taken alone [166]. However, close monitoring
of adverse events is necessary, toxicity and autoimmunity
increasing with combinations.

Combinations with immune checkpoint inhibitors are
largely studied [50, 70, 72, 125], since the efficacy of adop-
tive T cell therapy might be compromised by the expres-
sion of suppressive immune checkpoints and conversely,
immune checkpoint blockers alone might not have an effect
in the absence of immune effector cells in sufficient quantity.
Treatments to prime and recruit T cells like DC vaccines
could benefit from the addition of molecules decreasing
immunosuppression like ICBs [7].

Some adoptive therapies like DCs and CIK are already
often used in association in clinical trials as was described
above. Adoptive therapies using different kinds of immune
cells can have synergistic results. DC vaccines increase anti-
gen presentation and T-cell priming. T-cell adoptive thera-
pies increase the pool of TILs and their cytotoxicity.

Many other therapies targeting the immune microenviron-
ment exist and could be combined with adoptive therapies
and ICBs depending on the tumor phenotype. Comprehen-
sive reviews describe these different options [7].

Combinations with radiotherapy, chemotherapy,
and targeted therapies

Combinations of “classic” cancer treatments with immu-
notherapies have now become the reference in lung cancer.
Worldwide recommendations place a combination of chemo-
therapy and immune checkpoint blockers as first-line therapy
in NSCLC and SCLC, and studies are currently investigating
this option in MPM.

Chemotherapy such as docetaxel are known to decrease
MDSCs. This is particularly interesting when taking into
the account the fact that the infusion of non-myeloablative
chemotherapeutic agents often used before infusion of adop-
tive therapy is followed by a rapid Treg and MDSC reconsti-
tution with an enhanced immunosuppressive activity. Doc-
etaxel could improve the efficacy of adoptive T cell transfer,
CIK cells and DC immunotherapy [167]. Chemotherapy is
also known to increase antigen presentation [168], and stud-
ies suggest that chemotherapies such as gemcitabine induce
MICA/MICB expression on tumor cells. This can potentially
have a synergistic effect with adoptive therapies using NK
cells or NKG2D-expressing T cells [169].

Radiotherapy is known to increase the penetrance of
immune cells into the tumor and antigen presentation [168].
Indeed, the growing use of radiotherapy and ICBs had led to
the observation of better outcomes on ICB treatment when
radiotherapy was used. And this not only in the irradiated
region but in the whole body, which is called the “abscopal
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effect.” One of the main hypothesis is that radiotherapy
increases neoantigen presentation, hence increasing T cell
stimulation, since the main predictors for abscopal effect are
an increased serum IFN after radiation and early dynamic
changes of T cell clones [170].

Targeted therapies against oncogenes known to induce an
immunosuppressive TME such as EGFR could also improve
the outcome of adoptive therapies. Monoclonal antibodies
like trastuzumab, rituximab or cetuximab can also pave the
way for NK or CIK cell therapy. Indeed, through their CD16
receptors these cells can recognize the Fab portion of the
antibodies and induce antibody-dependent cell-mediated
cytotoxicity (ADCC). Combinations between already used
specific antibodies and adoptive therapy with NK or CIK
cells could therefore improve clinical response [25].

Conclusion

Adoptive therapies are a promising treatment that could be
particularly useful in patients who are resistant to ICBs. DC
vaccines and adoptive T cell therapy, engineered or not,
increase the pool of reactive T cells, with the possibility to
target selected specific high-avidity antigens. CIK and NK
cells increase the cytotoxicity against tumor cells, potentially
overcoming a common escape mechanism that is loss of
antigen expression.

However, results are disappointing in solid tumors like
lung cancer and MPM for now, underlining the need for
optimization before clinical application. It is a costly and
time-consuming technique that would require a better selec-
tion of patients most susceptible to respond. Predictive
markers of response are therefore sorely needed. Adoptive
cells face many hurdles depending on the tumor immune
phenotype: low persistence, low trafficking to tumor sites,
inhibition of effector functions, global immunosuppression
due to the tumor microenvironment, etc. Methods for cell
selection, activation, expansion, and engineering are con-
stantly evolving to overcome all these obstacles. Advances
in gene editing and bioinformatics are a great step towards
more efficient adoptive therapies, and results of trials using
these new technologies (neoantigen selection, gene editing
in engineered cells to not only express high-avidity TCRs
or CARs but also to improve homing and persistence) are
greatly awaited. Special attention should also be given to
combination therapies as was already established for ICBs.
Simultaneously increasing antigen presentation, effector cell
infiltration, and decreasing immunosuppression would yield
better results than any of these strategies used alone, plac-
ing adoptive therapies as a promising future cornerstone of
cancer treatment.
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