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Abstract: In recent years, much research has been focused on the field of adoptive cell therapies
(ACT) that use native or genetically modified T cells as therapeutic tools. Immunotherapy with T
cells expressing chimeric antigen receptors (CARs) demonstrated great success in the treatment of
haematologic malignancies, whereas adoptive transfer of autologous tumour infiltrating
lymphocytes (TILs) proved to be highly effective in metastatic melanoma. These encouraging results
initiated many studies where ACT was tested as a treatment for various solid tumours. In this
review, we provide an overview of the challenges of T cell-based immunotherapies of solid
tumours. We describe alternative approaches for choosing the most efficient T cells for cancer
treatment in terms of their tumour-specificity and phenotype. Finally, we present strategies for
improvement of anti-tumour potential of T cells, including combination therapies.

Keywords: adoptive cell therapy of cancer; immunotherapy; TCR therapy; neoantigens; antigen-
specific T cells; T cell-based therapy of solid tumours

1. Introduction

Currently, the two main approaches dominate T cell-based therapies of cancer. These strategies
harness: (1) native or genetically engineered T cells with antigen-specific T cell receptor (TCR); or (2)
T cells genetically modified to express chimeric antigen receptor (CAR). Even though both
approaches aim to induce antigen-specific reaction of T cells and may involve genetic modifications
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of the cells, significant differences in T cell responses can be observed for these strategies. They are a
consequence of structural differences between CAR and TCR receptors.

The TCRis a T cell specific receptor that serves for antigen recognition by naturally occurring T
cells, whereas CAR is an artificial chimeric receptor that combines both antigen-binding and T-cell
activating functions. In addition, due to its unique structure and function, TCR can recognise only
peptides bound to major histocompatibility complex (MHC) molecules, while CARs can potentially
bind various types of antigens (not only peptides) and do not need MHC presentation. This can be
an advantage in the case of MHC loss that is observed for many tumours [1]. Nevertheless, CARs
bind surface antigens only, whereas TCRs can recognise all types of tumour-specific proteins
processed into peptides and presented on MHC molecules, including intracellular proteins that
remarkably increases the number of potential peptide targets.

2. TCR—Structure and Signalling

The role of TCR is to recognise antigenic peptides bound to MHC to elicit cell activation. During
development in the thymus, adequate response to TCR stimulation is fundamental for positive and
negative selection of T cells leading to development of T cell clones that can distinguish between self
and non-self antigens [2]. TCR recognition of antigenic peptides is characterised by high level of
degeneracy, meaning that one TCR can recognise multiple antigens and one antigen can be
recognised by multiple TCRs with a broad range of affinities [3,4].

TCR is a heterodimer formed of either a and {3 (in over 90% of T cells) or y and & chains (in 1-
10% of T cells) (Figure 1a) [5,6]. TCR lacks its own signalling domains, therefore it associates with
CD3 complex that consists of two heterodimers CD3y/CD3e and CD3d/CD3e and a single
homodimer CD3(/CD3C (also termed CD247). The CD3 complex contains a total of ten
immunoreceptor tyrosine-based activation motifs (ITAMs), which are phosphorylated by
lymphocyte-specific protein tyrosine kinase (Lck) leading to T cell activation [7]. To fully trigger T
cell activation, the signal from the T cell complex (TCR + CD3 complex) has to be enhanced by
simultaneous binding of the MHC molecules that present the antigenic peptide with a specific co-
receptor CD4 or CD8. CD4 is present on the surface of T helper cells (Th) and binds to MHC class I
molecules, while CD8 is expressed by cytotoxic T cells (Tc) and interacts with MHC class I receptors.
CD4 and CD8 were reported to be involved in targeted delivery of Lck to the relevant TCR complex
[8]. Signal from TCR complex is sufficient for activation of antigen experienced T cells (Figure 1c).
However, cells that have not yet encountered specific antigen (naive T cells) require the second signal,
which is transduced by CD28 after binding co-stimulatory molecules CD80 or CD86 on the surface
of antigen presenting cell (APC) (Figure 1a). This interaction leads to expression of anti-apoptotic and
pro-survival genes via induction of phosphoinositide 3-kinase (PI3K) and RAS pathways [9].
However, there are also multiple activation induced co-stimulatory molecules known to promote
survival, proliferation and effector function of already activated T cells. These molecules include inter
alia: 4-1BB (CD137), OX-40 (CD134) and inducible T cell co-stimulator (ICOS/CD278) [10-12].
Following T cell activation and prolonged antigen stimulation, T cells are found to express increasing
numbers of co-inhibitory molecules such as cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
and programmed cell death protein 1 (PD-1) to maintain peripheral tolerance and avoid
immunopathology [13]. This neatly orchestrated mechanism is often dysregulated in cancer and can
be a target for immunotherapy.

3. CAR—Structure and Signalling

T cells have recently been harnessed to target tumour associated antigens without direct
engagement of TCR recognition and signalling. This was possible due to genetic modification and
transduced expression of CARs. CAR T cells beside their original TCR express genetically engineered
receptor (CAR) that gives them a new ability to target specific antigen. The receptor is chimeric
because it is a synthetic single chain antigen receptor composed of four modules: (1) antigen-
recognition domain; (2) an extracellular hinge region; (3) a transmembrane domain; and (4)
intracellular T-cell signalling domain (Figure 1b). Antigen binding domain usually derives from the
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variable regions of a monoclonal antibody linked together as a single-chain variable fragment (scFv).
There have also been several successful approaches to design non-antibody-based antigen-
recognition domain in CARs. For full functionality, the antigen-recognition domain and extracellular
hinge are bridged with intracellular signalling motifs via transmembrane domain anchored in plasma
membrane. The earliest CARs, called the first-generation CARs, were equipped with only a single
CD3( endodomain. However, as CAR T cell expansion and survival was limited with this approach,
the second-generation CARs incorporated co-stimulatory domains (e.g., CD28, 4-1BB, CD27, CD40L,
0OX40, ICOS and CD244) proximal to the CD3C sequence. The third-generation CARs contain two or
more co-stimulatory molecules. Thus far, studies did not show their superiority over the second-
generation CARs [14,15]. Thus, current CAR T cell therapies intend to mimic native TCR activation
pathways to overcome MHC restriction of TCRs. However, despite the constant increase in our
understanding of T cell responses, all consequences of T cell genetic manipulation cannot be
predicted. CAR T cell therapy has been associated with life-threatening adverse effects, such as
cytokine release syndrome resulting from massive CAR T cell activation [16].
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Figure 1. Comparison between T cell receptor (TCR) and chimeric antigen receptor (CAR) structure
and signalling. (a) TCR interacts with CD3 complex (composed of two heterodimers CD3vy/CD3¢ and
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CD3d/CD3¢ and a single homodimer CD3/CD3C). TCR recognises and binds a peptide presented by
a major histocompatibility complex (MHC) class I molecule. CD8 co-receptor stabilises this interaction
and recruits lymphocyte-specific protein tyrosine kinase (Lck) to the TCR signalling complex,
enhancing cytotoxic T cell activation. Activation of naive T cell requires delivery of the second signal
which is transduced by CD28 after binding co-stimulatory molecules CD80 or CD86 on the surface of
antigen presenting cell (APC). Activated T cell upregulates expression of other co-stimulatory
receptors (e.g., 4-1BB), that promote its effector functions, survival and proliferation. The figure
depicts antigen recognition by CD8+T cell in the context of MHC class I molecule. Antigen recognition
by CD4+ T cell was not presented for the clarity. However, the processes of CD4+ and CD8+ T cell
activation are analogous with the exception for the type of MHC that presents antigen (MHC class I
and MHC class II for CD8+and CD4+ T cells, respectively) and co-receptors that participate in cell
activation (CD8 and CD4 for CD8+ and CD4+ T cells, respectively). (b) CAR consists of: a single-chain
antibody variable fragment (scFv), composed of a variable light (Vi) and variable heavy (VH) chain
derived from a monoclonal antibody; an extracellular spacer region (termed hinge); a
transmembrane domain; one or two co-stimulatory domains (e.g., CD28 and 4-1BB) for second-
generation or third-generation CARs, respectively; and CD3( signalling domain. CAR binds a surface
antigen via scFv (antibody recognition) in an MHC-independent manner. (c) The lower panel depicts
antigen recognition in MHC restricted and TCR dependent manner by CD8+ T cell. This kind of
antigen recognition can induce T cell responses against both surface and intracellular antigens of the
cancer cell, as both are presented in the context of MHC molecules. Upon recognition of a tumour-
specific antigen (neoantigen) or a tumour-associated antigen presented by a cancer cell, a cytotoxic
CD8+ T cell activates and produces various proinflammatory cytokines, e.g., interferon y (IFNy), and
releases perforin and granzymes, which lead to cancer cell death (the figure was created with
BioRender software).

4. Challenges for CAR T Cell Therapies of Solid Tumours

Unlike TCR, CAR does not need MHC presentation of the target antigen. Therefore, CAR T cells
can elicit antigen-specific response against the patient’s tumour regardless of tissue incompatibility
[14].

Until now, two CARs have been approved by the Food and Drug Administration (FDA) for
clinical use. They are both second-generation CARs targeting the B-cell lineage antigen CD19
[14,15,17]. Regulatory approval for other second-generation CARs targeting different B-cell markers,
most notably B-cell maturation antigen (BCMA) [18,19], are anticipated in the coming years.

The clinical success of anti-CD19 CAR T cell in treatment of refractory pre-B cell acute
lymphoblastic leukaemia and diffuse large B cell lymphoma [14,17] was possible because expression
of CD19 is restricted to B cell lineage and is particularly high and frequent in these B cell malignancies
[20,21]. However, while CAR T cell therapy has yielded remarkable efficacy for haematological
malignancies, its effect against solid tumours is unsatisfactory. It is mostly due to the fact that solid
tumours lack unique surface tumour-specific antigens (TSAs) and that tumour-associated antigens
(TAAs) overexpressed on tumours are also shared with normal tissues [22]. Additional problems
include T cell homing to the site of the disease, penetration of T cells into solid masses, overcoming
immunosuppressive tumour microenvironment (TME) and limited CAR T cell persistence after
infusion [23]. Multiple strategies for improving CAR T cell therapy efficacy against solid tumours
have been extensively reviewed recently and are summarised in Table 1 [22-26].

Table 1. Strategies for improvement of Chimeric Antigen Receptor (CAR) T cell therapies for solid

tumours.
Challenge Possible solution References
chimeric antigen receptor Introduction of C-C chemokine receptor type 2 (CCR2) into CAR T
(CAR) T cell migration to the cell —chemotaxis toward CC motif chemokine ligand 2 (CCL2) [27,28]

tumour site secreted by cancer cells
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Development of CAR targeting fibroblast activation protein (FAP)
expressed on immunosuppressive stromal cells often associated with [29,30]
epithelial tumours

Local CAR T cell administration (i.e., intratumoural injections) [31,32]
Using distinct co-stimulatory molecules for CD4+ and CD8+ T cell [33]
subsets (i.e., CD4.ICOS-CAR T cells and CD8.41BB-CAR T cells)
Addition of a second, independent co-stimulatory molecule, i.e., 4- [34,35]

1BB ligand, CD40L

Addition of inducible MyD88/CD40 (iMC), to activate downstream
toll-like receptor (TLR) and CD40 signalling pathways using a small [36,37]
molecule ligand, rimiducid

Limited in vivo persistence and
proliferation of CAR T cells

Constitutive expression of a cytokine that is bound to cell membrane

of CAR T cell or secreted by the cell, i.e., interleukin (IL) 15, IL-12 [38-40]
Constitutive activation of intracellular IL-7 cytokine receptor [41]
triggering IL-7 axis without stimulating bystander lymphocytes
The use of combinatorial antigen sensing circuits, i.e., synthetic
Notch, where engagement of a tissue-specific antigen by a surface [42-44]
receptor induces transcription of a CAR recognising a tumour-
Limited tumour specificity and associated antigen
off-target effects Reduction of CAR T cell affinity [45]
Designing CAR T cells targeting antigens that contain tumour-
specific modifications/mutations (i.e., mutated variant III of [46-48]

epidermal growth factor receptor; EGFRVIII)

CART cell transduction with dominant-negative transforming
growth factor 3 receptor II (dAnTGF-BRII)—a decoy receptor for [49]
immunosuppressive TGFf3 produced by tumour

Introducing switch receptors transforming inhibitory cytokine
signals into a stimulus (i.e., fusing immunosuppressive IL-4 receptor [50,51]
exodomain to the immunostimulatory IL-7 receptor endodomain)

Overcoming

. . Introduction of hypoxia-inducible factor 1-alpha (HIF-1a), a
immunosuppressive tumour

transcription factor stabilised in response to hypoxia, to CAR T cells [52]

microenvironment (TME) resulting in increased CAR expression specifically in hypoxic TME

Co-expression of catalase to protect CAR T cells, as well as bystander

53

T cells, from reactive oxygen species (ROS) in TME 53]
Inhibition of adenosine receptors with their antagonists or shRNA to

prevent immunosuppressive effects exerted by tumour derived [54]

adenosine

As mentioned above, the main safety issue of CAR T cell immunotherapies is the release of
excessive amounts of cytokines (such as TNFa or IFNY) after their activation in vivo that leads to
cytokine release syndrome (CRS), which can result in life-threatening multi-organ dysfunctions [55].
However, in the case of cytokine-expressing CAR T cells, the baseline cytokine level is low and it is
elevated only upon antigen recognition on the tumour [23]. Additional safety concern is CAR T cell
autonomous growth, which has been addressed by introducing “safety switches”. One of such
approaches was based on activation of an inducible caspase 9 and rapid cell death after exposure to
a synthetic drug [56].

The remaining issue of CAR T cell therapy is the loss of expression of targeted antigen by the
tumour during the treatment [39,47]. It has been suggested that only patients with homogenous
antigen expression on all cancer cells should be treated with this approach to avoid recurrence. An
alternative could be targeting more than one antigen, which has been demonstrated for glioblastoma
[57]. However, this approach still needs optimisation [58].
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5. Antigens Used for T Cell-Based Therapy

Efficient T cell-based therapy targets specific antigens without side effects. A long list of tumour-
associated antigens (TAAs) has been published recently [25]; however, most of them are also
expressed at a low level on normal cells. Thus far, clinical trials with CAR T cells in solid tumours
have struggled with severe toxicities as the targeted antigens were not specific to cancer cells [35,59-
61]. A similar problem was observed in TAA-targeted TCR therapies. A prominent example was ACT
with T cells recognising peptide derived from MAGE-A3, a member of melanoma-associated antigen
(MAGE) family. These therapeutic T cells cross-reacted with MAGE-A12 expressed in the brain,
resulting in severe adverse effects including patient’s death [62]. These results underline the
importance of specific tumour targeting as even low expression of the target antigen on normal cells
can lead to a severe toxicity.

The perfect targets for T cell-based therapies are tumour-specific antigens called also
neoantigens, as they are highly immunogenic and not produced by normal tissues [63]. They can be
either products of non-synonymous mutations in cancer genome or viral-specific proteins expressed
by virally-induced tumours such as cervical and head and neck cancer associated with human
papilloma virus (HPV) and Epstein-Barr virus (EBV) infection, respectively [64,65]. As there are
relatively few types of cancer with known viral aetiology, most researchers focus on mutations as a
source of neoantigens. The highest mutation frequencies occur in cancers caused by exposure to
carcinogens such as ultraviolet (UV) radiation (melanoma) and tobacco smoke (lung cancers) [66].
Therefore, it is not surprising that most T cell-based clinical trials target melanoma [67]. Another
interesting approach is the use of personalised neoantigen vaccines, also already tested in phase 1
clinical trial for melanoma [68]. Studies that attempted to screen cancer genome defined very few
neoantigen-generating mutations, which makes them difficult targets of personalised therapy [69,70].
Nevertheless, deep sequencing of the surgically retrieved tumours and identification of neoantigens
is not a routine clinical practice therefore the real scale of neoantigen generation in human tumours
is not yet fully determined. In addition, previous and current studies of tumour genome screen big
cohorts of patients and try to find at least a single neoantigen-generating mutation that would be
universal for the majority of the studied cancer cases. High diversity of cancers (even within the same
tumour type), high tumour mutational burden (TMB) together with unpredictability of these
mutations abrogates discovery of this universal neoantigen, as it may not exist. Thus far, it appears
that, in the case of therapies that target neoantigen, a personalised approach can be the only solution
to define this neoantigen and design anti-cancer treatment.

To our knowledge, a splice variant of a mutated variant III of epidermal growth factor receptor
(EGFRVIII) is the only example of a mutated surface protein targeted by CAR T cell therapy [46,47].
Therefore, targeting neoantigens is mainly in the scope of TCR therapy. Recently, alternative sources
of neoantigens, such as RNA transcription and splicing errors leading to frameshift mutations have
been also identified [71].

6. Advantages of TCR vs. CAR T Cell Therapy

Conventional CAR T cells recognise antigens expressed on the cell surface while TCRs have the
advantage of targeting any peptide including those derived from intracellular protein degradation.
Although recently a TCR mimetic CAR recognising NY-ESO-1/HLA (New York esophageal
squamous cell carcinoma 1/human leukocyte antigen) complex has been developed, recognition of
MHC-bound peptides is a characteristic of TCR therapy [72]. Therefore, the variety of antigens that
can be recognised by TCR is much higher than by CAR.

Although it is difficult to directly compare CAR and TCR sensitivity due to differences in their
structures, a recently developed single-chain TCR allowed that [73]. Full length TCR had greater
sensitivity than CAR even when CARs were expressed at higher densities [7,67]. At the same time,
TCRs were found to mediate release of lower cytokine levels [74]. Thus, the risk of cytokine release
syndrome is potentially lower with TCR therapy, compared to CAR T cell approaches.

Overall, thus far, it appears that TCR therapy is more suitable for solid tumour treatment, than
CARTT cells, especially due to the very limited number of tumour-specific surface antigens.
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7. Strategies for Selection of T Cells for Cancer Therapy

7.1. Selected Ex Vivo Expanded Tumour-Reactive TILs vs. Unselected TILs After Shortened Expansion

The concept of utilising autologous tumour infiltrating lymphocytes (TILs) as an anticancer
immunotherapy has been developed by Rosenberg and his group [75,76]. Patients with metastatic
melanoma were subjected to lymphodepleting chemotherapy and then treated with autologous, ex
vivo expanded TILs that showed specific reactivity against the tumour [77-79]. Long-term follow-up
of the patients enrolled in clinical trials showed the overall response rate and complete response rate
of 49-72% (depending on the additional treatment regimen) and 22%, respectively. Ninety-five per
cent of the complete responders kept this status over three years of the follow-up [80]. An important
limitation of this approach is that autologous tumour cells are required for identification of tumour-
reactive TILs, which are not always available in therapeutically relevant numbers. Therefore, the
Rosenberg’s group modified the protocol eliminating an assay for tumour recognition that was found
to prolong the cell production significantly [81]. Additionally, they focused on enrichment for tumour
reactive CD8+ T cells, elimination of non-specific CD4+ T cells [82,83], and depletion of regulatory T
cells (Tregs) that are known of their potent immunosuppressive activity [84-86]. With this protocol
modification, they demonstrated that selection of tumour-reactive cells is not required for effective
ACT with TILs in melanoma patients, provided that TILs are expanded no longer than 2-3 weeks
[81-83]. The short-term expansion ex vivo seems to be in general crucial for quality of all T cell subsets
when adoptive transfer is considered, as confirmed also by our studies on Tregs [87]. A similar
approach for TIL culture protocol design was tested by Itzhaki and co-authors. In this study,
unselected TILs generated in short-term cultures (so called “young” TILs) induced clinical response
in 48% of melanoma patients [88]. These both studies indicated that polyclonal TILs can be as efficient
as selected tumour-reactive TILs in therapy of melanoma when expanded for a short time. Several
medical centres worldwide performed clinical trials reproducing and improving an approach based
on either selected or young TILs and demonstrated objective responses in approximately 40% of
metastatic melanoma patients [89-93].

High therapeutic effectiveness of ACT with TILs in metastatic melanoma prompted
investigators to test whether a similar approach would result in regression of other solid tumours. In
a pilot study, ACT with TILs of patients with metastatic ovarian cancer resulted in a slight decrease
of tumour size (maximally 23%) in five of six patients, but the effect was transient [94]. One of the
reasons of a relatively modest therapeutic effect might be a low frequency (3%) of tumour-reactive T
cells in ex vivo expanded TIL cultures [95]. Functional characterisation of expanded TILs from renal
cell carcinoma and gastrointestinal cancer (GI) also revealed lower frequency of tumour-specific T
cells compared to melanoma [96,97]. This can be an effect of relatively low mutational burden of
aforementioned tumours and in consequence their low immunogenicity. Applying a method for
selection and enrichment of tumour-recognising T cells directly from a tumour sample could improve
efficiency of ACT in case of low mutational load epithelial cancers. It would prevent potential
overgrowth of nonspecific T cells during ex vivo expansion, thus resulting in higher frequency of
tumour-responsive T cells in the final product. This approach might also improve a response rate in
melanoma patients. Several molecules have been used as biomarkers to specifically identify and
select tumour-reactive T lymphocytes both in case of melanoma and epithelial cancers.

7.2. Enrichment of T Cells Expressing Markers of Activation

A co-stimulatory surface receptor CD137 (4-1BB) was proposed to serve as a biomarker of
antigen-specific activation of T cells that enables identification of tumour specific T cells without
knowledge of the target antigen [98]. Powell’s group showed that isolated CD137+ T cells isolated
were highly tumour-reactive. Moreover, in preclinical studies they demonstrated that CD137-
enriched TILs were more potent in tumour growth inhibition compared to the total TIL repertoire or
CD137- population [99]. Subsequently, a simple and rapid method for selection of CD137-expressing
TILs was developed and validated for clinical purposes. CD137-selected TILs demonstrated high in
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vitro anti-tumour activity and were enriched in T cells recognising neoantigens and shared tumour
antigens [100].

Interestingly, an inhibitory programmed cell death-1 (PD-1) surface receptor was shown to be a
promising alternative for CD137. Due to chronic exposure to tumour antigens TILs start to express
PD-1, show signs of immune exhaustion and have impaired anti-tumour activity. However, sorted
PD-1+ TILs were found to downregulate PD-1 expression and regained their anti-tumour function
upon in vitro culturing with IL-2 [101]. This suggests that PD-1 expression can be modulated by the
environment and thus T cells may escape PD-1/PD-L1 suppression. Importantly, tumour-specific
TILs were found in both PD-1+/4-1BB* and PD-1+/4-1BB- sorted subsets, indicating that PD-1 allows
for identification of a larger repertoire of tumour-reactive TILs than 4-1BB [102]. Together, these
results suggest that PD-1 might be a useful biomarker for tumour-reactive TILs enrichment. This
concept was supported by the studies on murine model of melanoma, indicating that treatment with
sorted and expanded PD-1+ TILs improved ACT efficacy compared to unsorted TILs [103].

Nevertheless, the efficiency of both 4-1BB and PD-1-based enrichment approaches for treatment
of metastatic melanoma patients has to be evaluated in clinical trials.

7.3. Selection of TAA-Specific T cells

Apart from studies of polyclonal tumour-recognising TILs, the effectiveness of selected tumour
antigen-specific TIL clones in melanoma treatment is also being investigated.

Adoptive treatment with identified and expanded T cell clones reactive to melanoma-associated
antigen-recognised by T cells (MART-1) or glycoprotein 100 (gp100) resulted in positive, however,
rather modest clinical responses [104]. Importantly, in three of five patients analysed, selective loss
of targeted antigen occurred. Similar effects were observed by Mackensen and collaborators, who
also used MART-1 specific T cells for therapy [105]. Their treatment strategy resulted in three
responses (including one complete regression) in 11 patients. However, a selective loss of MART-1
expression was also observed in non-responding patients. These data provided rationale for targeting
multiple tumour antigens simultaneously for melanoma treatment.

7.4. Selection of Neoantigen-Specific T Cells from the Tumour

The most recent strategies for selection of T lymphocytes for ACT are based on neoantigen
specificity. Neoantigens are presented exclusively by cancer cells; therefore, the risk of on-target/off-
tumour recognition is much lower than in the case of tumour associated antigens expressed also by
normal cells. Contrary to TAA-specific T cells, T cells binding neoantigens with high affinity are not
eliminated by the mechanisms of central tolerance. It was revealed that long-term complete tumour
regression correlated with the presence of neoantigen-specific T cells, rather than TAA-reactive ones,
within TILs adoptively transferred to the patients [106-108]. Interestingly, neoantigen-specific T cells
were observed in the peripheral blood of patients even five years following ACT [107]. These results
suggest that neoantigen-specific T cells play a crucial role in tumour regression.

Robbins and co-authors developed a strategy for identification of mutated antigens. It includes
three stages: (1) whole exome sequencing (WES) of DNA isolated from matched tumour and normal
(e.g., blood) sample; (2) in silico peptide prediction; and (3) experimental analysis of immunogenicity
of predicted neoantigens [108]. This relatively rapid and simple approach was an attractive
alternative to laborious cDNA library screening.

Currently, peptide prediction algorithms use either solely the data generated by mass
spectrometry (MS) analysis of eluted MHC-binding peptides or both in vitro MHC-peptide binding
affinity and MS peptidome data [109-111].

Identified candidate neopeptides have to be subsequently analysed for their immunogenicity.
There are several methods evaluating which of the predicted neopeptides are recognised by the
patient T cells. The first group of these methods is based on measurement of T cell activation in co-
culture with MHC-matched cells expressing selected neoantigens. Usually, peptide-pulsed
autologous dendritic cells or MHC-matched T2 cells are used. Alternatives for pulsed synthetic
peptides are tandem minigenes (TMGs) [112]. TMGs are genetic constructs that encode several
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minigenes, each containing an identified somatic mutation flanked on both sides by the 12 amino
acid residues specific for a wild-type protein. In vitro transcribed TMG RNAs are transfected into
autologous APCs, allowing for the processing and presentation of mutated epitopes. Typical assays
evaluating activity of T cells co-cultured with autologous APCs are: (1) measurement of IFNYy release
by enzyme-linked immunosorbent assay (ELISA) or enzyme-linked immunospot assay (ELISPOT);
and (2) measurement of 4-1BB expression by flow cytometry. The second type of methods used for
identification of neoantigen-specific T cells utilises peptide-MHC (pMHC) multimers. Interaction of
a T cell with purified peptide-MHC complex is very transient and its detection had not been feasible
until 1996, when it was shown that tetramerization of peptide-MHC class I molecules provided
sufficient stability to T cell receptor (TCR)-pMHC interaction [113]. pMHC multimers were labelled
with fluorophores that enabled detection of T cells bound to pMHC multimers by flow cytometry.
This technology allowed detection of neoantigen-specific T cells independently of their functional
activity and presence of APCs. Since then, several important advances have been made, which
enabled high-throughput identification of neopeptide-specific T cells, including: (1) UV mediated
peptide exchange technology [114]; (2) combinatorial pMHC multimer staining [115]; (3) pMHC
multimers labelled for mass cytometry analysis [116]; and (4) DNA barcode-labelled pMHC
multimers [117,118].

Neoantigen-specific T cells can be identified in patients not only with melanoma, but also with
epithelial cancers, such as lung cancer [119,120], gastrointestinal cancer [121-123], ovarian cancer
[124-126], breast cancer [127] and pancreatic cancer [128]. Case reports have demonstrated that
treatment of the gastrointestinal and breast cancer patients with a T cell population highly enriched
in neoepitope-specific T cells caused tumour regression [121,123,127]. These results provide evidence
that neoantigen-specific T cell-based therapy can result in tumour regression even in the case of low
mutation load, when tumour-reactive T cells are scarce [129].

7.5. Selection of Neoantigen-Specific T Cells from Peripheral Blood

Rosenberg’s group demonstrated that neoantigen-specific T cells could be identified and
isolated not only from the tumour, but also from the peripheral blood of melanoma patients [130,131].
Remarkably, neoantigen-specific T cells can be identified also in the peripheral blood of the patients
with tumours harbouring relatively low number of mutations such as epithelial cancers [124,132,133].
Detection of rare neoantigen-specific T cells in the peripheral blood can be enhanced by using
combinatorial pMHC multimer staining [130]. Additionally, several methods were developed to
avoid a decline in their frequency upon expansion, due to overgrowth of non-reactive T cells. The
first one, T cell library approach, was based on generation of more than a thousand parallel, small-
scale T cell cultures, instead of expanding a bulk T cell culture from patient’s peripheral blood
[132,134]. In the second approach, peripheral blood T cells expressing PD-1 and 4-1BB were sorted,
followed by limiting dilution and microwell culture [135] or bulk expansion [133]. Alternatively, to
stimulate growth of T cells recognising mutated peptides, peripheral blood T cells were expanded in
the presence of pools of predicted neopeptides or dendritic cells loaded with tandem minigenes
[124,136]. Due to these expansion strategies neoantigen-specific T cells can be obtained in frequencies
sufficient for detection by standard screening methods: (1) co-culture with APCs presenting
neopeptides, followed by interferon (IFN)-y ELISPOT or flow cytometry analysis of 4-1BB expression;
and (2) peptide-MHC multimer staining.

Strategies for identification of neoantigen-specific T cells in peripheral blood, combined with
methods for generating TCR-engineered T cells, opened a possibility to develop a non-invasive
approach for generation of neoantigen-targeted T cell-based therapies.
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7.6. Selection of T Cells Recognising Neoantigens with Driver Mutations

Neoantigen-specific T cells are an attractive tool for cancer therapy, however several limitations
exist. Cancer cells tend to accumulate novel mutations in the course of tumour growth, resulting in a
mosaic pattern of the tumour. Hence, targeting only a single neopeptide may be an inefficient
treatment strategy and lead to elimination of only a subset of tumour cells. To circumvent this
problem, a heterogenous population of several distinct neoantigen-specific T cell clones could be
infused. Alternatively, T cells targeting neoantigens derived from driver mutations could be used, as
these mutant genes are likely to be expressed by all tumour cells. Recently, T cells recognising
neopeptides derived from KRAS G12D in colorectal cancer [123,136], BRAF V600E in melanoma
[137], histone 3 variant 3 H3.3K27M in glioma [138] and p53 hotspot mutations in various types of
epithelial cancer [125,139,140] were identified, rising a possibility that other immunogenic
neopeptides originated from hotspot driver mutations exist and can be used as targets for T cell-
based therapies.

7.7. Genetic Engineering of T Cells to Express Specific TCR

Neoantigen-specific T cells identified and isolated from tumour or peripheral blood can be
potentially expanded to therapeutically relevant numbers. However, it is not always possible, as the
initial cell number can be very low (number of infiltrating leukocytes varies between the tumours
and is limited by size of the resected tissue). In addition, proliferative potential TILs can be severely
affected by the tumour and its environment, as we have observed for tumour-derived T cells in non-
small cell lung cancer (NSCLC; unpublished data). Therefore, an alternative approach has been
developed. The TCR sequence of sorted neoantigen-specific T cell clone can be determined.
Subsequently, T cells isolated from patient’s peripheral blood are transfected with the sequence of
this identified TCR with retroviral construct and expanded in vitro. This strategy was initially
developed for generation of T cells specific for melanoma-associated antigens and resulted in
complete tumour regression in two out of 15 patients [141]. Although the response rate was lower
compared to the treatment with bulk TILs, this work paved the way for development of new
strategies for ACT with TCR-modified T cells.

The main problem of TCR gene transfer with viral vectors into T cells is that this approach results
in insertion of an additional copy of TCR gene instead of replacing the native one. The endogenous
TCRs compete with transgenic ones for CD3-binding sites and thus for surface expression. Moreover,
they can form mixed heterodimers, with altered, unpredictable and potentially autoreactive antigen
specificity. To prevent mispairing, several approaches were developed, including the introduction of
an additional disulphide bond between introduced TCR a and 3 constant domains [142-144] and
linking TCR o and {3 chains with a self-cleaving 2A peptide [145]. More recent approaches utilised
CRISPR-Cas9 technology to replace endogenous TCR with exogenous one via: (1) knockout of
endogenous TCR gene simultaneously with transduction with a desired TCR [146] or (2) knock-in of
exogenous TCR into a TCR-a constant (TRAC) locus [147,148]. Safety and efficacy of ACT with TCR-
engineered T cells is now explored intensively in clinical trials, and importantly, most of them focus
on solid tumours (over 80%) [67,149].

More than 40 clinical therapies based on TCR-engineered T cells target cancer testis antigens,
whereas only three of them aim to induce immune response against neoantigens. Neoantigens are
typically unique for a particular tumour derived from a particular patient, thus development of such
a personalised T cell therapy is logistically complex and costly. These issues presumably limit the
interest of biotechnology and pharmaceutical companies in ACT with neoantigen-specific T cells.
However, the latest discoveries of T cells recognising neoantigens derived from hotspot mutations,
that are frequent in many types of cancers (e.g., hotspot mutation within p53 gene), raised the
possibility of development of cancer specific T cell products that will be available off-the-shelf
[125,138,140].
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8. Role of CD4* Helper T Cells in an Anti-Tumour Response

Most studies concerning ACT focus on an anti-tumour activity of CD8+ T cells. However,
accumulating evidence reveals that CD4+ T helper (Th) cells have an important role in anti-tumour
response [150,151]. The major role of CD4+ Th cells is to support development, proliferation and
effector function of CD8+ T cells. They exert this function both indirectly, by stimulation of APCs and
thus promoting CD8+ T cells priming, and directly, by producing cytokines, mainly IFNy and IL-2.
Neoantigen-specific CD4+ T cells were found to infiltrate epithelial tumours [135,137,152]. It was
reported that apart from acting on CD8+ T cells within lymph nodes, they elicit effective anti-cancer
response at the tumour site [153]. CD4+ Th cells can recognise tumour cells via binding to MHC class
IT molecules (MHC II) complexed with neoantigens [154]. However, in most epithelial tumours,
expression of MHC II is very low or not observed at all [155]. Abelin and co-authors suggested that,
within tumour microenvironment (TME), CD4* Th cells are mainly activated by resident APCs, which
present neoantigens, derived from endocytosed tumour proteins, in the context of MHC II. It suggests
that loss of MHC II expression by cancer cells can be less frequent mechanism of immune escape,
than loss of MHC class I molecule (MHC I). Therefore, Th cells should not be ignored as a potential
tool for cancer immunotherapy.

Animal studies showed that combined transfer of tumour-specific CD8+ Tc and CD4+ Th cells
significantly enhanced anti-tumour response, suggesting that both T cell subsets act synergistically
and improve effectiveness of ACT in cancer patients [156,157]. Only two clinical studies analysed the
effects of ACT with neoantigen-specific CD4+ Th cells, but the results were encouraging. Adoptive
transfer of NY-ESO-1-recognising CD4+ T-cell clone led to complete remission in a melanoma patient
[158]. Tumour regression of cholangiocarcinoma was demonstrated following treatment with TILs
highly enriched in neoantigen-specific CD4+ T cells [121]. Development of neoantigen-specific CD4+
T cells-based therapies is hampered by the complexity of MHC II processing and presentation,
making MHC II-presented antigens difficult to identify. However, very recently, a new MHC II
peptide prediction algorithm was developed [155]. Hopefully, these more accurate prediction tools
will enable to establish therapies based not only on CD8+ Tc cells but also on CD4+ Th cells.

9. MR1-Restricted T Cells— A Novel Population of T Cells with Pan-Cancer Therapeutic Potential

Very recently Crowther and colleagues published results that opened an exciting prospect of

potential use of MR1-restricted T cells in immune therapy not limited by MHC polymorphism [159].

MHC class I-related (MR1) molecule is a non-polymorphic MHC class I-like protein expressed

at low levels on the surface of a wide variety of cells. Initially, it was demonstrated that MR1 presents

microbial metabolites to T cells that harbour MR1 binding TCRs, allowing for recognition of infected
cells [160,161].

In 2017, Lepore and co-authors identified in human blood a novel population of MR1-restricted
T cells that recognise cancer cells via MR1 presentation [162]. These T cells demonstrated T helper-
like capacities, as they were able to produce diverse cytokines, including IFNy and IL-2, and induce
maturation of dendritic cells.

Subsequently, Crowther and co-authors identified TCR that recognises nonbacterial antigen
presented by MR1 expressed on the surface of cancer cells [159]. They demonstrated that the T cells
harbouring this TCR were able to kill a wide variety of cancer cells in an MHC-independent manner.
Importantly, these T cells did not recognise healthy cells from various analysed tissues. To test
therapeutic potential of T cells targeting MR1-restricted antigens presented by cancer, the researchers
adoptively transferred these cells into human leukaemia xenogaft mouse model. They observed
regression of leukaemia and prolonged survival of mice. Moreover, Crowther et al. demonstrated in
in vitro experiments that T cells of melanoma patients transduced with identified TCR could
effectively kill not only the patient’s own cancer cells, but also non-autologous melanoma cells [159].
These data suggest that the MR1-restricted TCR, recognises diverse types of tumours irrespective of
MHC and thus may open the opportunity for a pan-cancer T cell-based therap. Nevertheless, better
understanding of the mechanism of action of MR1-restricted T cells and identification of cancer-
associated ligands presented by MR1 is crucial for reaching this goal.
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10. Choosing the Most Effective T Cell Differentiation State for ACT

Although tumour-antigen specificity is crucial for successful ACT, other features of T cells may
also affect efficacy of this treatment. An important factor determining durability of therapeutic effect
of ACT is the persistence of infused T cells.

The differentiation state is an important determinant for the longevity and therapeutic effect of
infused T cells. Mature T cells that leave the thymus and had no contact with their specific antigen
yet are called naive T cells (Tn). During antigen priming Tn expand and differentiate into effector
cells (Teff) which reach sites where the recognised antigen can be found and activate machinery for
the elimination of the antigen-bearing target. During prolonged antigen stimulation the majority of
pathogen-specific Teff die via apoptosis. However, according to the classical theory of memory T cell
generation about 5-10% of Teff differentiate into memory T cells (Tm) that survive. Among Tm, two
distinct subsets can be recognised: (1) central memory (Tem) T cells; and (2) effector memory (Tem)
T cells. It has been widely accepted that upon antigen priming Tn differentiate progressively into
Tcm and then Tem. After antigen re-stimulation, both Tcm and Tem proliferate and differentiate into
short lived Teff that—again—actively mediate antigen specific responses [163-165]. Thus, Tn, Teff,
Tem and Tem differ in phenotype, homing and function, and they present a distinct therapeutic
potential. It has been observed that less-differentiated T cells (Tn and Tcm) exhibit higher therapeutic
potential than Tem and Teff. In addition, Tn and Tcm infused to the patients survive longer than Tem
and Teff [164,166-168]. This provided rationale for establishment of a protocol for so called young
TILs generation, via short-term culture ex vivo [81]. TILs obtained with this protocol are less
differentiated and exhibit higher proliferative potential. Nevertheless, the majority of TILs isolated
for expansion are already terminally differentiated and functionally exhausted, as a result of
persistent antigen stimulation within the tumour site. Therefore, an alternative strategy was
proposed, based on isolation of Tn or Tcm from patient’s peripheral blood mononuclear cells
(PBMCs) and their genetic modification with desired TCR gene, followed by ex vivo expansion
[169,170]. Klebanoff and co-authors provided rationale for this approach, showing that ex vivo
expansion of Tn population gave rise to more therapeutically potent cells as compared to cultures
where mixture of naive and memory subsets were used for expansion [171]. Recently, the dogma of
T cell differentiation after antigen recognition and memory cell generation has been revised. It has
been postulated that CD45RA+CD62L+ T cells, initially identified as Tn subset, are an amalgamation
of naive and memory stem T cells (Tscm). In humans, Tscm were identified as CD45RA+CD45RO-
cells expressing high levels of lymph node-homing receptors CD62L and CCR7, as well as IL-7
receptor a-chain (IL-7Ra/CD127) and the co-stimulatory molecules CD27 and CD28. However,
unlike Tn cells, Tscm express memory markers such as CD95, CD122, CXCR3, IL-2Rp, CD58 and
CD11a. Tscm have high proliferative capacity and are characterised by both self-renewal and
‘multipotency’ in that they can further differentiate into other subsets including Teff, Tcm and Tem
cells. In light of these observations, it has been suggested that Tscm comprise an attractive tool for
ACT [171,172]. A mouse study demonstrated that these cells are more effective in an anti-tumour
response than Tcm, as their infusion resulted in a durable tumour regression [173]. The major
limitation of their use is the fact that naturally occurring Tscm are rare (2-3% of circulating T
lymphocytes) [174]. However, a method for in vitro differentiation, expansion and gene modification
of Tscm from naive precursors isolated from PBMCs has already been published [175].

11. Ex Vivo T Cells Expansion and Artificial Antigen-Presenting Systems

Expansion of T cells for ACT is a challenge, as high cell numbers need to be generated while
avoiding terminal differentiation.

Optimal T cell activation requires TCR stimulation and co-stimulation via CD28 molecule. In
physiological conditions, these signals are provided by professional APCs. In vitro anti-CD3
antibodies are used to mimic antigen-mediated TCR signalling. These antibodies provide effective
stimulus, when bound to Fc receptor-bearing APCs called also feeder cells, such as
monocytes/macrophages and B cells. In addition, the feeder cells in this system constitutively express
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co-stimulatory molecules that target CD28, thus providing simultaneously two signals required for
T cell activation and proliferation.

Therefore, the first protocols established for robust expansion of tumour-reactive TILs, called
rapid expansion protocols (REP), included anti-CD3 (OKT3) antibodies and irradiated allogeneic
PBMC:s isolated from healthy donors (as feeder cells). In this system PBMCs were mixed with TILs
in 200:1 ratio in the presence of high concentrations of IL-2 to obtain more than 1000-fold expansion.
This protocol was based on stimulation of multiple potentially tumour reactive T cells in tumour
independent manner and without determination of the target tumour antigens. In consequence
multiple T cell clones proliferated, resulting in clinically relevant numbers of T cells that could be
infused to the patients [78,80].

However, due to safety reasons and need of standardisation, alternative approaches for T cell
stimulation were developed and irradiated PBMCs were substituted with artificial cell-based and
non-cell-based antigen presenting systems [176-178].

In 2002, K562 cell line-based artificial APCs (aAPCs) were developed for ex vivo expansion of T
lymphocytes Maus [177]. This erythromyeloid cell line does not express MHC molecules, which
prevents allogenic T-cell responses. Thus, K562 cells were genetically engineered to stably express
CD32/FCGR2A (Fc receptor) that allows for their coating with anti-CD3 and anti-CD28 antibodies.
The studies with irradiated K562-derived aAPCs demonstrated that these cells promoted rapid and
long-term expansion of T cells. Subsequently, K562-based aAPCs were additionally engineered to
express a variety of different co-stimulatory molecules, including ligands for CD28 and 4-1BB,
indicating that they can be modified to modulate T cell stimulation in a controlled manner, promoting
expansion of desired T cell subsets [179]. Safety and utility of this cell line was confirmed in several
clinical trials. Advances in the development of K562-based aAPCs for T cell expansion were
comprehensively reviewed by Butler and Hirano [178].

Currently, the most widely used artificial antigen presenting system is based on magnetic beads
coated with anti-CD3 and anti-CD28 antibodies. They were developed by Levine and co-authors and
reported to preferentially promote expansion of CD4+ T cells [176]. Anti-CD3/CD28 coated beads
provide a simple, consistent and standardised method for T cell activation and expansion. In
addition, good manufacturing practice (GMP) grade beads are available [86,180] and this approach
meets with greater acceptance of the regulatory bodies than the use of cell-based aAPCs. However,
the major disadvantage associated with this system is that beads cannot provide such a variety of co-
stimulatory signals as cell-based APCs and have no capability of cytokine release.

Comparison of bead-based and cell-based antigen presenting approaches revealed that anti-
CD3/CD28 coated beads are highly effective in CD4+ T cell expansion, whereas irradiated PBMCs
coated with anti-CD3 antibodies might be more potent for expansion of CD8+ T cells [181]. However,
the underlying mechanism is not fully understood. A potential explanation was provided by Kagotya
and co-authors, who demonstrated that CD8+ T cell expansion is significantly enhanced when T cell
stimulation is relatively short [182]. Beads are found to persistently stimulate T cells during expansion
phase, whereas cell-based aAPCs are readily lysed upon ligation with T cells and their number
significantly decreases over time, resulting in a short period of stimulation. Kagotya and co-authors
mimicked this transient interaction by removal of anti-CD3/CD28 coated beads after a short period
of time. This simple modification of the culture protocol enhanced T cell proliferative potential and
resulted in maintenance of Tscm phenotype. Moreover, these results suggest that CD4+ and CD8+ T
cells require different time of stimulation for optimal in vitro expansion.

In summary, accumulating data revealed that growth of different T cell subsets can be promoted
and their phenotypic qualities can be modulated by manipulating with antigen presenting system
and duration of T cell stimulation.
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12. Improvements in Modulation of Anti-Tumour Potential of T Cells

Attempts are being made to develop strategies which enhance persistence and expansion of
adoptively transferred T cells and thus augment the therapeutic effect of ACT, including ex vivo
culture conditions, genetic modification of T cells, patient preconditioning and co-infusion with
adjuvants.

12.1. Lymphodepletion

One of the factors having a crucial impact on persistence and anti-tumour function of adoptively
transferred T cells is lymphodepletion preceding the T cell infusion [77]. Chemotherapy with
cyclophosphamide and fludarabine is used for elimination of immunosuppressive cells such as Tregs,
as well as for elimination of endogenous non-tumour-specific T cells that compete with therapeutic
cells for interactions with APCs and activating cytokines, such as IL-7 and IL-15 [183].

12.2. Stimulation of T Cells with Cytokines

Several cytokines have been used to enhance ACT efficacy and were comprehensively reviewed
elsewhere [184,185]. The most thoroughly studied examples are described below.

High doses of IL-2 has been used for T cell culture for more than 20 years, and were found to
promote growth of tumour reactive T cells. IL-2 is also commonly administered to the patients to
enhance proliferation and survival of the transferred TILs. However, this cytokine is essential for
development and maintenance of Tregs that can promote tumour progression [186] and stimulates
differentiation of T cells into memory subsets [187]. Moreover, IL-2 might cause severe toxicity, when
administered in high-doses, yet in lower doses the therapeutic effect is unsatisfactory [188]. This can
be at least partially explained by the results of clinical trials concerning autoimmune diseases which
demonstrated that low doses of IL-2 specifically activated and expanded Tregs [189-191]. Another
tested approach was based on adoptive transfer of genetically modified IL-2-secreting TILs, but it
also did not increase their in vivo persistence or therapeutic effectiveness [192]. One of the
explanations might be the fact that naive CD8+ T cells do not express a-chain of high-affinity receptor
of IL-2 (CD25/ILR2A), while its expression is constitutive for Tregs. Thus, in more recent studies to
circumvent this issue, specific mutations were introduced into IL-2 or both IL-2 and its receptor to
preferentially stimulate infused CD8+ T cells, but not Tregs. These strategies resulted in high
therapeutic efficacy and decreased toxicity in a mouse model [193,194]

IL-2 as the main known mitogen of T cells was the first, but not the only one cytokine tested for
cultures of anti-tumour T cells. Caserta at al. reported that IL-7 was superior to IL-2 for expansion of
tumour-reactive CD4+ T cells. In their study, cells cultured with IL-7 demonstrated greater anti-
tumour potential upon adoptive transfer to tumour-bearing mice [195]. Clinical trials revealed that
IL-7 monotherapy resulted in expansion of CD8+ Tc and CD4+ Th cells, but not CD4+ Tregs [196,197].
Recently, Ding and co-authors showed that co-administration of IL-7 with tumour-reactive CD4+ Th
cells promoted their expansion, persistence and anti-tumour activity in a mouse model, thus
providing a rationale for using IL-7 as an adjuvant for CD4+ Th cell-based adoptive immunotherapy
[198].

Recently, IL-15 was shown to be equally effective in promoting T cell expansion as IL-2, but
provided higher T cell viability. In preclinical studies, IL-15 administration induced activation,
proliferation and survival of T cells without stimulation of Tregs. However, the major limitation of
IL-15 is its short in vivo half-life. In consequence, high doses are required for therapeutic effect that
leads to toxicity. To address this issue, several different genetic modifications of IL-15 were
developed to prolong its half-life, which resulted in an enhanced anti-tumour response in animal
models [199]. Currently, clinical trials are ongoing to assess anti-cancer potency of an IL-15 variant
called ALT-803. This variant was also tested in a mouse model in combination with ACT with TCR-
engineered T cells. Interestingly, for that purpose, a specific cytokine delivery system was applied.
This approach was based on T cell surface-conjugated protein nanogels (NGs) that released ALT-803
in response to TCR activation. Treatment of a murine tumour with T cells carrying the ALT-803
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resulted in their 16-fold higher expansion as compared to T cells transferred in combination with free
ALT-803. Noteworthy, this system enabled delivery of significantly higher doses of cytokine without
cytotoxicity and substantially increased tumour regression in a mouse model [200].

IL-18 activates NK and Th cells for IFN-y production and enhances their anti-tumour activity in
cooperation with IL-12. Recently, Kunert at al. compared the effects of IL-12 and IL-18 production by
TCR-engineered T cells on murine tumour. Their experiments revealed that T cells harbouring
inducible IL-12 had limited anti-tumour effects and severe toxicity in vivo, whereas T cells expressing
IL-18 resulted in enhanced anti-tumour responses without toxicity [201]. It provided rationale for
further studies on the potential of IL-18 to improve ACT with T cells.

Recently, IL-21 was demonstrated to induce Tscm cell formation from naive CD8+ T cells in vitro
[202]. IL-21 was also found to cause greater expansion of less differentiated “young” CD8+ T cells
than IL-2 when provided by aAPCs [203].

Although IL-2 is currently the only interleukin approved for clinical use by the Food and Drug
Administration (FDA), it is very likely that in the close future cocktails of cytokines will be used for
ex vivo expansion and patient treatment in combination with T cell-based therapies, as they promote
different biological effects and can act synergistically.

12.3. Activating T Cell Co-Stimulatory Receptors

It was shown that 4-1BB signalling preferentially expands memory CD8+ T cells, whereas CD28
co-stimulation promotes expansion of naive T cells [204]. In addition, anti-4-1BB antibodies were
found to preserve CD28 expression in ex vivo expanded CD8+ T cells and enhanced their anti-tumour
effector functions [205]. Weigelin et al. also showed that 4-1BB agonistic antibodies improved anti-
tumour activity of adoptively transferred CD8+ T cells in a murine melanoma model [206]. Currently,
scientists put much effort to reduce toxicity of anti-4-1BB antibodies and maximise their anti-tumour
efficacy [207].

Another co-stimulatory receptor that has been tested recently as a potential target of
combination therapy with ACT is OX-40 (CD134/TNFRSF4), a member of anti-tumor necrosis factor
(TNF) superfamily. Studies on a murine thymoma model revealed that anti-OX40 antibody treatment
promoted anti-tumour activity of adoptively transferred CD8* T cells. Interestingly, anti-OX40
antibodies mediated this effect indirectly, by increasing expansion of endogenous CD4* T cells and
promoting the interplay between CD4+ and CD8+ T cells [208].

12.4. Targeting Immune Checkpoints

Therapy based on immune checkpoint blockade (ICB) targets T cell inhibitory receptors such as
programmed cell death-1 (PD-1) and cytotoxic T lymphocyte antigen-4 (CTLA-4), thus leading to
activation of tumour-specific T cells. Anti PD-1/PD-L1 and CTLA-4 inhibitors demonstrated
remarkable therapeutic effects and were approved by FDA for treatment of different types of cancer
[209,210]. Adoptively transferred T cells may upregulate PD-1 and CTLA-4 upon chronic exposure
to tumour antigens, therefore combination of ACT with ICB might be a promising strategy that will
improve clinical response rates. Preclinical studies revealed that PD-1 blockade increased the number
of transferred T cells at the tumour site and enhanced tumour regression [211]. ACT with MART1-
specific T cells combined with CTLA-4 blockade resulted in long-term T cell persistence and durable
tumour regression in metastatic melanoma patients [212]. Dual blockade of CTLA-4 and PD-1
enhanced adoptive T-cell therapy efficacy in a murine melanoma model [213]. Currently, several
clinical trials are investigating the combination of ACT with TILs or TCR-engineered T cells and ICB
antibodies [214].

12.5. T Cell Therapies in Combination with Dendritic Cell-Based Vaccines

Treatment with dendritic cell-based vaccine followed by ACT with TILs resulted in complete
remission in one melanoma patient and stable disease in two others [215]. Clinical trials with TCR
gene modified T cells and peptide-pulsed dendritic cells demonstrated transient tumour responses
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in melanoma patients, emphasising the need for protocol improvement in this therapeutic approach
[216,217].

12.6. Enhancing Trafficking of T Cells to Solid Tumour Sites

Prerequisite for effective ACT treatment is trafficking of transferred T cells to the tumour site.
Therefore, strategies for improvement of T cell migration to tumour sites are being developed. One
of these approaches utilises the fact that cancer cells secrete specific chemokines, which attract cells
that express matching chemokine receptors. For instance, melanoma cells produce CXCL1 and
CXCL8 chemokines, which are ligands for CXCR2 receptor. Studies on animal models indicated that
transfer of T cells genetically modified to express CXCR2 enhanced their homing to the tumour site
and improved anti-tumour immune response [218,219]. Currently, therapeutic effectiveness of this
strategy is being tested in an ongoing clinical trial.

12.7. Targeting T Cell Metabolism to Boost Their Anti-Tumour Potential

Interesting strategies aimed at reprogramming T cell metabolism were developed to potentiate
the activity of transferred T cells. Ho and co-authors showed that glycolytic metabolite,
phosphoenolpyruvate (PEP), serves as a sensor for glucose availability and is critical for controlling
T cell function. Metabolic reprogramming of T cells to increase PEP production in low-glucose
tumour microenvironment improved their anti-tumour responses [220]. In another study metabolic
reprogramming of T cells via enforced expression of PGCla (peroxisome proliferator-activated
receptor gamma co-activator 1-alpha) rescued mitochondrial function of T cells and enhanced their
anti-tumour activity [221]. Development of approaches that modify metabolism of T cells in the TME
holds promise for improvement of ACT efficacy. Recent advances in understanding of the role of T
cell metabolic pathways in regulation of their function and interplay between cancer cells and T cells
in TME have been recently reviewed in detail [222,223].

13. Conclusions

The remarkable success of CAR T cell therapy in the treatment of refractor pre-B cell acute
lymphoblastic leukaemia and diffuse large B cell lymphoma led to an intensive research on the
possible use of this kind of therapy for solid tumours. However, the major limitation of CAR T cells
is that they can only recognise cell surface proteins. Since surface tumour-specific antigens are scarce,
CART cells may target almost exclusively TAAs, posing a risk of cross-reactivity with normal tissues
and leading to serious safety concerns.

Although intensive efforts are made to overcome limited cancer-specificity of CAR T cells, TCR
therapy may be a more promising alternative for targeting solid tumours. TCR signalling confers
recognition of much wider repertoire of tumour antigens and recent studies revealed that neoantigen-
specific T cells can be detected in a variety of solid tumours, regardless of their mutational load.

TCR therapy was first used 30 years ago but since then many of its aspects have been developed.
Methods for enrichment of tumour-reactive TILs evolved from culture of T cells in the presence of
cancer cells through selection of activated or PD-1-expressing T cells to isolation of T cells specific for
the defined antigen (with a recent focus on neoantigens). Once the neopeptides are identified, they
have to be analysed for their immunogenicity either with the use of standard T cell activity assays or
more sophisticated methods (e.g.,, pMHC multimers). Finally, the selected T cells have to be
expanded, or alternatively a specific TCR can be introduced into polyclonal T cells via a viral vector
or CRISPR technology. Phenotypically different types of T cells have been tested to ensure efficient
and durable anti-tumour responses. Recent approaches also involve the use of tumour-specific T cells
isolated from peripheral blood of patients. The overview of the past and current strategies of T cell
selection for anti-cancer therapies is presented in Figure 2.
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Figure 2. Strategies for T cell selection for adoptive cell therapy (ACT) of cancer. Resected tumour and
peripheral blood samples are two main sources of T cells for ACT of cancer. Tumour samples require
processing to obtain tumour infiltrating lymphocytes (TILs). Heterogenous TIL population can be
expanded according to the rapid expansion protocol (REP). Alternatively, TILs expressing
programmed death receptor 1 (PD-1) or 4-1BB can be selected, to increase frequency of tumour-
specific T cells, which are subsequently expanded. Another approach includes cancer cell sequencing
followed by in silico peptide prediction and tandem minigenes (TMGs) or synthetic peptide
generation. Subsequently, T cells isolated from cancer patient, after optional enrichment for PD-1*/4-
1BB* cells, are tested for reactivity to predicted neopeptides with one of the following approaches:
binding to MHC tetramers loaded with synthetic peptides (pMHC tetramers); and expression of
activation marker (e.g., 4-1BB) in the presence of APCs transfected with TMGs or pulsed with
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synthetic peptides. Then, antigen-specific T cells are sorted and their TCRs are sequenced in aim to
introduce tumour-specific TCRs into polyclonal T cells. Subsequently, TCR-engineered T cells are
expanded for therapeutically relevant numbers (the figure was created with BioRender).

The future studies will presumably focus on the development of TCR therapies targeting hot-
spot driver mutation-derived neoantigens. Several neoantigens of this kind have been discovered
very recently (e.g., the ones derived from KRAS GI12D [123,136] or p53 hot spot mutations
[125,139,140]), raising the possibility of generating “off-the-shelf ” TCR-engineered T cell products
for MHC-matched patients with tumours expressing these neoantigens.

However, the major limitation of TCR therapies is the prerequisite of MHC expression by the
tumour. It is well known that downregulation or total loss of MHC expression is one of the main
mechanisms of tumour immune evasion [1]. Nevertheless, harnessing natural killer (NK) cells may
hold a promise to circumvent this issue, as they can eliminate MHC-deficient cancer cells, thus
complementing anti-tumour activity of T cells [224,225]. An exciting prospect for efficient adoptive
cell therapy would be infusion of both NK and T cells. Alternatively, TCR therapy could be combined
with additives that protect both T and NK cells from tumour mediated immunosuppression such as
immune checkpoint inhibitors (e.g., anti-PD-1 antibodies) or cytokines (e.g., IL-15). Therefore, in the
future, great efforts will probably be made to harness our current understanding of T cell biology,
TCR antigen recognition mechanisms and immune response regulation into the design of
combination therapy against solid tumours.
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