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Abstract

Cancer immunotherapy represents a major advance in the cure of cancer following the dramatic advancements in the
development and refinement of chemotherapies and radiotherapies. In the recent decades, together with the develop-
ment of early diagnostic techniques, immunotherapy has significantly contributed to improving the survival of cancer
patients. The immune-checkpoint blockade agents have been proven effective in a significant fraction of standard
therapy refractory patients. Importantly, recent advances are providing alternative immunotherapeutic tools that could
help overcome their limitations. In this mini review, we provide an overview on the main steps of the discovery of clas-
sic immune-checkpoint blockade agents and summarise the most recent development of novel immunotherapeutic
strategies, such as tumour antigens, bispecific antibodies and TCR-engineered T cells.
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1 Introduction

The mechanism of action of cancerimmunotherapy strategies is to activate the immune system against target antigens
that are selectively expressed in malignant cells but not in cells of normal tissues. With the Nobel Prize in Physiology or
Medicine 2018, awarded jointly to James P. Allison and Tasuku Honjo "for their discovery of cancer therapy by inhibition
of negative immune regulation," cancer immunotherapy entered a new phase of exploration. We can identify some key
steps that brought us to this therapeutical revolution.

Cancerimmunotherapy was jump-started by Tak Mak’s seminal publications [1, 2] describing the cloning of the gene
encoding the beta-chain of the human T-cell-receptor (TCR), considered at the time to be the “Holy Grail of Inmunology.”
This was back-to-back with the independent cloning of the mouse equivalent gene by Mark Davis [3, 4]. They followed
their remarkable discovery with incredible additional outstanding studies further expanding the topic with the structure
of the TCR-encoding genes in human and mouse, the diversity elements within these genes, the expression patterns of
TCR transcripts in various T-cell subsets, and the rearrangement of TCR genes in T-cell leukaemia lines [5-8].
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The value of this pioneering work is now becoming more and more evident with the importance of the immune
system in the fight against cancer with another T-cell receptor activation related molecule, CTLA4 [9], as recognized
and highlighted by the work of James Allison [10]. Indeed, following the discovery of TCR, all efforts went into the
identification of many more receptors on T lymphocytes and also the understanding of their function in physiological
immune responses and in particular those against cancer cells. One in particular is the CTLA4 receptor, which is a nega-
tive regulator of T-cell function, acts in concert with CD28 to fine-tune a set of important pathophysiological processes,
including chronic autoimmune inflammation, interaction with dendritic cells (DCs) and other antigen presenting cells,
stimulation and expansion of the immune response. Mak was the first to show in genetically modified mice that lacking
CTLA-4 resulted in a progressive accumulation of T cell blasts, demonstrating that it is a negative regulator of immune
responses [9]. CTLA-4 knockout mice have super-activated and proliferating T-cells, demonstrating how important this
receptor is in regulating T-cell responses. This became the scientific base on which Allison, by blocking CTLA-4, showed
a dramatic anti-tumour efficacy.

Allison explored whether CTLA-4 blockade could be instrumental to disengage the brake on T-cell activation and
unleash the immune system to recognise and target malignant cells. Allison with his team initiated to approach this
strategy at the end of 1994: they achieved therapeutic response in pre-clinical models of mouse cancers by treatment
with the first immune checkpoint blockade agent (i.e. antibodies against CTLA-4) [10]. This finding paved the way for
utilizing agents that blockimmune checkpoints, such as PD-1 and PD-L1, as a treatment for oncological patients. Clinical
development ensued in the recent years and since 2012 several key studies demonstrated unquestionable efficacy in
the treatment of patients with different cancer types [11].

In 1992, Tasuku Honjo discovered another T-cells surface protein, PD-1, based on activation induced cell death in T
cells [12, 13] and growth factor deprivation-induced cell death [14]. Similar to CTLA-4, PD-1 was proven to function as a
T-cell activation brake but operating with a different mechanism [15]. Now, additional T cell receptor activation regulators
have been identified, like PD1, and by eliminating these regulation (blocking CTLA4, PD-1, PD-L1) incredible therapeutic
effects have been uncovered. Indeed, clinical application based on these concepts is currently the most efficient way to
treat several human cancers that were otherwise untreatable.

Immunotherapy is now our most promising and powerful weapon in combatting malignancies, and the clinical appli-
cations of immunology would not have been possible without findings by Mak, Davis and Allison. With the introduc-
tion of immune checkpoint blockade (ICB), manipulation of autologous anti-tumour response has become an effective
strategy to cure cancer [16]. Despite the significant impact that ICB has provided on overall cancer prognosis, however, a
substantial fraction of patients does not display response to the treatment. Except possessing a reasonably intact immune
system to allow ICB to release the immunity, a better molecular and functional characterisation of tumour neoantigens
has enabled the next generation of cancer immunotherapies [17-22].

Nonetheless, since the Nobel Prize to James P. Allison and Tasuku Honjo, cancer immunotherapy has moved forward
rapidly. Two recent collaborative studies simultaneously published by B. Volgelstein, SB. Gabelli and S. Zhou groups
describe the development of bispecific antibodies selectively targeting different tumour specific antigens, such as p53
mutant R175H [23] and RAS mutants G12V, Q61H/RL [24]. This work has been complemented by a third article from
the same teams, where the authors with a similar approach show the development of bispecific antibodies selectively
targeting a T cell-associated TCRP to treat T cell malignancies [25]. These studies generate important expectation in the
next generation of immuno-therapeutics.

2 Bispecific antibodies as an innovative cancer immunotherapy

The process of antigen processing and presentation is mediated by the major histocompatibility complex (MHC) class
I and class Il antigens and is central to the development, survival, activation and tolerance of the adaptive immune
system. The human MHC locus on chromosome 6 included a significant number of polymorphic antigen-presenting
genes, each has several haplotypes, that constitute to the variation of the human leukocyte antigen (HLA) class I and |l
molecules. Novel peptides (neo-peptides) generated by accumulation of mutations during tumorigenesis, are loaded
onto HLA class | molecules and presented on the external cell membrane of tumour cells [17]. These neoantigenes can
also be cross-presented by professional antigen presenting cells. Whilst tumour antigens can still be classified as tumour-
associated antigens (TAAs) or tumour-specific antigens (TSAs), the former are aberrantly expressed by cancer cells [26,
27], but still expressed in normal cells, hence they are not tumour specific. On the other hand, TSAs can be detected
exclusively on cancer cells because they are generated by genetic somatic mutations. Recent studies reported bispecific
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antibodies constituted by a fragment with high affinity for the mutant peptide-HLA complex on the cancer cells, but
not for its wild-type counterpart exposed on normal tissue cells, fused to a second antibody fragment that binds to the
T cell receptor-CD3 complex on T cell. This agent effectively activates T cells to secrete cytokines and kill target cancer
cells (Fig. 1). This strategy in fact overcomes the challenge of directly targeting intracellular proteins such as p53 and
RAS, which fall within the most mutate genes across cancers [28-30], while at the same time exploits autologous anti-
tumour response to kill the tumour.

In fact, p53 is an excellent target as public neoantigen, considering that it is by far the most frequently mutated
gene [31-34] and it has roles in regulating crucial factors in cancer biology such as cell death [35-39], cell cycle [40], cell
metabolism [41-48], as well as commensal microbes [20, 49-51]. This is in keeping the function of the other members
of the same family, namely p63 and p73 [52-59]; and with the ability to predict overall cancer patient survival [60-62]
as other prognostic factors in cancer progression [27, 63, 64]. TP53 has several hotspot mutations, and within these, the
most frequent mutation is the Arg175His, which has been effectively targeted with bispecific antibodies [30].

To identify and characterize these new antigens on cancer cells, originated by the arginine to histidine substitution
on the residue 175 (R175H) in the TP53 gene [32], Hsiue and colleagues performed a positive selection phage display
using naive human antibody specific to HLA libraries, namely HLA-A*02:01 pHLA monomers, which loaded with the
p53 R175H peptide, combined with negative selection against pHLA monomers loaded with the p53 wild type peptide.
Figure 2 provides some additional details on the complex procedure to generate antibodies specific to the neo-antigens.
The phage clones selected with this procedure were then used to develop the bispecific antibody. This was generated
by joining in a single-chain diabody (scDb) each individual scFv to an anti-CD3e scFv (UCHT1); this latter conferred bind-
ing ability to the CD3 expsed on T cells, thus promoting a polyclonal T cell response. The specificity of the scDbs for p53
R175H ranked at high affinity was validated with a set of functional assays verifying its inability to target cell line not
expressing p53 R175H and cell lines losing expression of p53 R175H following CRISPR-mediated deletion; this procedure
was able to sharply reduce the risk of cross-reactivity and therefore of wanton off-target effects. Classic structural biology
studies as well as cell biochemical analyses of the scDb binding to mutated p53R175H/HLA-A*02:01 demonstrated the
binding specificity of scDbs. Indeed, H2-scDb was able to specifically eliminate p53 R175H tumour cells both in vitro and
in vivo in a manner that is strictly dependent on T-cells. As a control for the latter, the authors reported the absence of
effects of H2-scDb in NOD-SCID-112rg™'~ mice engrafted with tumor cells expressing p53 R175H, without simultaneous
engraftment with human T cells [23].
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Fig. 1 Schematic representation of the mechanism of action of scDb against mutant p53. Tumour cells as able to express on their surface
specific peptides, including the R175H mutation of p53, presented by the HLA complex. The Bi-Specific Ab bridging T cells and tumour
cell, H2-scDb (blue), includes a TCR arm as well as a p53R175 peptide complex arm. This binds via the p53R175 peptide (red), the peptide
presenting complex (dark red/black). Therefore, the tumour cells to the T-cells can be bridged the HLA complex, and on the other arm the
CD3/TCR complex from the T lymphocytes. Activation of the T-cell results in killing of the cancer cells, mediated by the release of cytotoxic
molecules; in particular via the local cytokine storm includes granzymes, perforin, TNF-a as well as IFN-g, able to activate the programmed
cell death program of the cancer cell. The effect of granzymes are mostly exerted through cell-cell contact. scDb, single-chain diabody; HLA,
human leukocyte antigen; TCR, T cell Receptor; CD3, cluster of differentiation 3; IFNy, Interferon gamma; TNF-a, Tumour Necrosis Factor alfa
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Fig. 2 Purification and identification of the cell surface HLA"A" neo-antigen against p53 R175H. The Mutation-Associated Neoantigen—
Selected Reaction Monitoring (MANA-SRM) pipeline starts by lysing the cells, and enriching HLA-bound peptides through immuno-precipi-
tation with an antibldy targeting HLA molecules. HLA molecules together with their presented peptides are then eluted and dissociated. At
this stage, the eluate containing the neo-antigenic peptides is filtred for lower molecular weights using a cut off of 3 kDa and the samples
are lyophilized and analyzed for MANA-SRM using an improved hydrophilic interaction liquid chromatography (HILIC) cleanup; reduction
at different pH using DL-dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) is used before analysing the optimization of collision
energies and fractionation. Manually examination and curation to exclude ions with excessive noise due to coelution with impurities is
required to detect heavy isotope-labeled neo-antigens. See the original reference for details (Wang et al. Cancer Immunol Res, 2019)

Interestingly, the authors have used a comparable approach using the RAS G12V and Q61H/L/R mutations in cancer
cells. This is important, as it demonstrate the general validity of the use of scDbs targeting HLA alleles conjugated to a
different set of cancer mutations. In this latter case, Douglass and colleagues identified and characterized a highly specific
scDbs directed against mutant RAS; here too, the effect on tumour cells expressing very low HLA copies was evident
and powerful [24]. A general remark however remains the possibility of cross-reactivity to other human peptides when
administrated in patients. Safety related to off targets effects remains to be assessed in patients.

An innovative scientific strategy was at the bases of the biochemical purification, isolation and characterization of
scDbs specifically directed against T-cell cancers. Indeed, the TCR B-chain variable regions includes any of the circa 30
possible TRBV family members; now, if we consider that T cell malignancies are clonal, only a single TRBVcan be exposed
on the external cell membrane of the malignant T cells. Accordingly, TCR B-chain of an individual malignant T cell is a
perfect TAA. In line with this, Paul et al. generated and characterized specific scDbs directed toward TRBV5-5 or TRBV12,
tethered to a CD3 antibody. These specific scDbs are able to specifically kill cancerous T cells transplanted in humanized
mice, preserving the majority of healthy humanT cells not expressing the targeted TRBV. In their case, Paul et al. did not
require a complex phage display identification of the targeting antibody, as they were able to, more simply, use anti-
bodies specific to the TCR Vs, TRBV5-5 and TRBV12 as a proof of principle [25]. Indeed, whilst less innovative, bispecific
antibodies have already been developed to target aberrantly expressed, not mutated, cancer proteins (TAAs) [65].

Targeting TSAs, generated by mutated oncogenes/oncosuppressors, with bispecific antibodies appears particularly
innovative despite the fact that the concept has been on the road for quite a few years; TSAs presented by HLAs have
been targeted only by adaptive T cell therapies [66, 67]. However, a potential problem of this more classical therapy,
as compared to scDbs, is that the adaptive T cell procedure requires extensive, expensive and complex experimental
approach with sophisticated ex vivo manipulations for individual patient’s autologous immune cells [68]. On the other
hand, scDbs may be an off-shelf easily accessible medicament with wide therapeutic potentials. The peptide derived
from the p53 R175H, for examples, binds the HLA-A*02:01 that is present in almost half of the Caucasian population
in the United States, thus the developed H2-scDb could be engaged to treat a substantial fraction of cancer patients.

Remarkable significance of these studies lies in the formal demonstrations of the possibility to develop agents with
very high affinity (recognitions of very low HLA expressing cancer cells), with very high specificity (mutant vs wt HLAs),
shifting the emphasis of the novel approaches in cancer immunotherapy from the cell-based strategies to bifunctional
antibodies. The route to clinics appears, however, still ambitious, as several issues remain to be evolving. Many tumours,
for examples, deploy a massive immunosuppressive repertoire of signalling molecules and how scDbs will function
in this landscape has to be verified [69]. Moreover, a large fraction of immunotolerant cancers downregulate HLA as a
major mechanism of immune evasion and these will remain out of the radar of this approach [70]. Complex integration
of environments, life-style, and dietary factors could further influence the immune system, via metabolic regulations [48,
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61,69, 71-76], epigenetics [77-80], autophagy [81-86], interaction with hormone signalling [87-92] and microbiome
[50, 93-95], thus altering the response to these categories of immunotherapeutic agents. Additional clarifications are
demanded on the antigenicity of scDB to induce idiotypic responses and more in general on their safety on patients. Is
the specificity of the antibody sufficient to preserve safety, but conserve therapeutic efficacy across different individuals
carrying the same mutations? Not last, whether the immune response elicited by the antibody is sufficient to eliminate
cancerous cells in a complex metastatic clinical setting where the ratio of T cell:cancer cells is rather variable represents
a major question to be addressed.

3 TCR-engineered T cells

More innovative genetic manipulation of the TCR, beside the already discussed chimeric antigen receptor redirected T
cells(CAR-T) approach, originally defined by Zelig Eshhar [96, 97] (and reviewed in D’Aloia et al. [98]; Melero et al. [99];
Morris et al. [100]), are now emerging to be effective in different cancer models. CARs are transmembrane chimeric mol-
ecules acting as: (@) immune recognition of neoplastic new antigens present on the cell surface of cancers; (b) promotion
and propagation of molecular events activating the cell lysis. CAR-T leads to: (1) “reprogrammed T-cells” with an ex-novo
activation mechanism; (2) break the tolerance generated in the cancer microenvironment, and (3) bypass restrictions of
the HLA-mediated antigen recognition, over-stepping one of the barriers to a more widespread application of cellular
immunotherapy. Even tough applied to selective patients, this approach is now clinically effective [71, 101].

Recently, high-avidity TCR that targets HPV-16 E7 through recognition of the E711-19 epitope complexed with HLA-
A*02:01 was reported [102]. Here, engineered T cell receptor targeting HPV-16 E7 for the treatment of metastatic human
papillomavirus-associated epithelial cancers were administered up to10'" cells. The primary tumours were squamous
cell carcinomas from head and neck, cervical, or anal primary sites. Figure 3 shows the rationale of the approach, based
on an engineered TCR recognising HLA-A*02:01 conjugated to E7 peptide, which triggers a cytokine release able to kill
the cancer cell. Significant regression was observed in 12 patients, including those with anti-PD-1 refractory disease.

While there are a number of distinct HLA, each one displaying different peptides with different affinity, current
cancer immunotherapy can only target a limited set of HLA isoforms, severely restricting its accessibility to patients.
More recently, Hirano and Mak have developed a new strategy that they validated in 8 patients with melanoma [103].
Generating a library of peptide exchangable HLA-peptide multimers to activate Tumour Infiltrating Lymphocytes (TIL).
With 25 forms of HLA to display over 800 peptides, the authors were able to select A*02:01/MART1,,_;; as a relevant
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Fig.3 Schematic representation of the HPV-16 E7 specific TCR engineered T cell for patients with metastatic HPV-associated epithelial
cancers. Simplified scheme showing the E711-19 specific TCR in a patient with a defect in the antigen processing is able to trigger a IFN
response. A high-avidity TCR that targets HPV-16 E7 through the recognition of the E711-19 epitope complexed with HLA-A*02:01.Geneti-
cally engineered T cells are able to engage and kill HPV +tumour cell lines in vitro and mediate regression of HPV +tumor xenografts in vivo
as well as in human patients. See for more details (Nagarsheth, Nat Med-2021[102]). Since the CD3 specific arm could activate both CD4 and
CD8 cells, the cancer cell killing mechanism could be much more than IFNy. In addition, the ability of IFNy to induce HLA expression could be very
important

@ Springer



Review Discover Oncology (2021) 12:27 | https://doi.org/10.1007/512672-021-00422-9

immunological hotspot, with the successful staining up to 9.2% of the polyclonally expanded TILs. Using this rationale
[104], they further identified shared antigenic epitopes recognized by melanoma TILs and their cloned TCRs, for the devel-
opment of novel cancer immunotherapy [103]. This, certainly changes the landscape of tumour immunotherapy [105].

In the last decade, the molecular definition of TCR specificity through peptide-bounding multimers of MHC molecules
has become available approachs to target cancer specifically. This will certainly impact the current prognostic landscape
[51, 106-108]. Despite the high cost associated with T-cell based therapies, the flexibility of this approach still makes it a
particularly attractive strategy to cure cancer. The implementation of modern genetic manipulation techniques, such as
CRISPR/Cas9, has further expanded the repertoire of applications. A general consensus has been achieved that manipula-
tion of immune system is the avenue to undertake to develop novel cancer therapies that provide efficacy, effectiveness
and wider applications across different tumour types.
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