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Melanoma is the least common form of skin cancer and is associated with the highest mortality. Where melanoma is

mostly unresponsive to conventional therapies (e.g., chemotherapy), BRAF inhibitor treatment has shown improved

therapeutic outcomes. Photodynamic therapy (PDT) relies on a light-activated compound to produce death-inducing

amounts of reactive oxygen species (ROS). Their capacity to selectively accumulate in tumor cells has been confirmed in

melanoma treatment with some encouraging results. However, this treatment approach has not reached clinical fruition for

melanoma due to major limitations associated with the development of resistance and subsequent side effects. These

adverse effects might be bypassed by immunotherapy in the form of antibody–drug conjugates (ADCs) relying on the

ability of monoclonal antibodies (mAbs) to target specific tumor-associated antigens (TAAs) and to be used as carriers to

specifically deliver cytotoxic warheads into corresponding tumor cells. Of late, the continued refinement of ADC

therapeutic efficacy has given rise to photoimmunotherapy (PIT) (a light-sensitive compound conjugated to mAbs), which

by virtue of requiring light activation only exerts its toxic effect on light-irradiated cells.
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1. Introduction

Melanoma represents the most aggressive, malignant phenotype resulting from a genetic and/or environmental-induced

change to epidermal skin melanocytes and accounts for more than 75% of skin cancer-related deaths . It mostly

affects light-skinned individuals who are excessively exposed to solar ultraviolet radiation A and B (UVA and UVB), which

are able to indirectly or directly cause DNA damage through oxidative (reactive oxygen species, ROS) or genotoxic

stresses, respectively . Alternatively, a genetic predisposition acquired through B-Raf proto-oncogene (BRAFV600E)

mutation (present in more than 60% of melanoma patients) is characterized by the substitution of the amino acid aspartic

acid by valine at position 600 and may lead to melanoma pathogenesis or melanomagenesis [6]. BRAFV600E induces

constitutive kinase activity (e.g., mitogen-activated protein kinase pathway activation known as MAPK) which drives the

uncontrolled growth of melanoma cells and pro-tumorigenic angiogenesis leading to disease metastases .

To date, the gold standard of therapy for malignant melanoma tumor is surgical resection . Once melanomas reach the

advanced metastatic stage, systemic therapies using the first US Food and Drug Administration (FDA)-approved

chemotherapeutic drug dacarbazine (DTIC) and high-dose interleukin-2 (HD-IL-2, FDA-approved in 1998) have become

the mainstay of treatments . Unfortunately, the clinical success of these systemic therapies was

hampered by severe dose-limiting toxicities, which did not improve overall patient survival . In light of this, novel

palliative treatment approaches were urgently needed to specifically treat patients with refractory and metastatic disease

and to help circumvent these undesired toxicities to improve the overall therapeutic efficacy and patient survival.

2. Melanoma Immunotherapy

Conventional cancer therapies (e.g., surgery, radiation, and chemotherapy) have shown limited therapeutic benefits in

patients with metastatic disease . Despite significant advances in the development of systemic therapies, the

therapeutic usage of toxic agents remains a double-edged sword, potentially causing side effects and restricting treatment

to certain therapeutic dosages . Consequently, novel therapeutic strategies were developed to specifically treat

patients with recalcitrant metastases. Cancer immunotherapy in the form of adoptive cell therapy (ACT) has shown the

capacity to represent such a therapy, with the ability to harness the patient’s own immunity against tumors . In

order to achieve maximum therapeutic efficacy, cancer immunotherapy relies on antigen recognition of tumor cells by cells

of the innate immune system such as DCs (antigen-presenting cells (APCs)), which subsequently migrate to secondary

lymphoid tissue to prime CTLs that are able to destroy tumors in an antigen-dependent manner . These ACT
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attributes led to the FDA approval of sipuleucel-T (in 2010), which is a DC vaccine that is used for the treatment of

asymptomatic or minimally symptomatic castration-resistant prostate cancer . Sipuleucel-T is able to activate

autologous anti-tumor immune reactions toward prostate tumors overexpressing prostatic acid phosphatase tumor

antigens . This DC-based vaccine (sipuleucel-T) achieved high objective response rates in melanoma patients (8–

15%), which were characterized by an improved overall survival (20%) mediated through a robust CTL and natural killer

cell (NK)-dependent immune response .

3. Antibody-Based Immunotherapy

In order to overcome ACT drawbacks, immunotherapeutic treatments were developed in a form of molecular-targeted

therapies using mAbs. However, each mAb possesses an antigen-binding region known as a fragment variable region

(Fab) and a constant region (fragment crystallizable: Fc domain) with an effector function (Figure 1). The Fv (fragment

variable region) fragment of a mAb is made up of a variable light chain (V ) and a heavy chain (V ), containing three

complementarity-determining regions (CDRs) and four framework regions (FRs) . Traditionally, these mAbs

exercise their cytotoxic effects through their Fc domain, within the constant region, which functions by interacting with

immune effector cells and mediates tumor destruction via ADCC, CDC, or receptor blockade (Figure 1) .

Unfortunately, the success of this immunotherapeutic treatment (e.g., high-dose-IL-2) relies on high dosages and multiple

treatment schedules, thus limiting clinical benefits . Therefore, ipilimumab, a fully human mAb (immunoglobulin

G1, or IgG1) that targets and blocks CTLA-4, was developed and clinically approved by the FDA as the first immune

checkpoint inhibitor to treat metastatic melanoma patients . CTLA-4 is a CD28 homolog, a T-lymphocyte co-

stimulatory receptor that normally binds to cognate B7-ligand expressed on APCs such as DCs to activate T cell

function . Unfortunately, when CTLA-4 outcompetes CD28 for binding on a cognate B7 ligand, as a result of higher

affinity and avidity, it activates T cells exhaustion, compromising antitumor immune responses . Hence, by

preventing CTLA-4 interaction with B7, ipilimumab acts to reinvigorate previously exhausted T-cells and boosts antitumor

immunity through enhanced immune effector functions . This therapeutic success (CTLA-4) spurred further

development, leading to the FDA approval (in 2015) of new immune cell blockade (ICB) anti-PD-1 mAbs (pembrolizumab

and nivolumab) binding respectively to their natural programmed death ligands 1/2 (PDL-1 and PDL-2) largely expressed

on various immune cells (T cells, B cells, NK cells, macrophages, and DCs) and tumor cells . For instance,

nivolumab gained clinical approval following the Check-Mate006 clinical trials on patients with unresected and advanced

melanoma . During this study, nivolumab was shown to produce a progression-free survival (5.1 versus 2.2 months) and

an objective response rate (40% versus 13.9%) superior to the DTIC-treated patients, respectively . Similarly,

pembrolizumab showed better therapeutic benefits, which were characterized by higher progression-free survival (e.g., 6

months in 47.3% of biweekly treated patients) and overall survival (e.g., 1 year survival in 74% biweekly treated patients)

when compared to ipilimumab (e.g., 6 months in 26.5% and 58% of overall survival) . In spite of their therapeutic

successes (anti-CTLA-4 and anti-PD-1), only a subset of patients manifests a durable response . Currently, a

palliative approach is being tested in a phase III clinical trial (NCT02224781) combining ICB therapies (ipilimumab and

nivolumab) with dabrafenib and trametinib (NCT02224781). This combinatorial approach was supporting Sanlorenzo et al.

(2018) findings, showing how BRAFi/MEKi treatment could be synergized with anti-PD-1 therapy to kill BRAF -

positive melanoma tumor cells . Another phase II clinical trial (NCT02908672) investigating the combination of

atezolizumab (fully humanized anti-PDL-1) with cobimetinib (MEK inhibitor) and vemurafenib against vemurafenib and

cobimetinib treatment is presently being tested on metastatic melanoma patients. Lately, a phase I clinical trial

(NCT02967692) was designed to assess the safety and efficacy of the spartalizumab (anti-PD-1 mAb) combination with a

BRAF inhibitor (dabrafenib) and an MEK inhibitor (trametinib) in unresectable or metastatic BRAF  mutants. The

success of this antibody-based immunotherapeutic treatment has been limited by multiple factors: (1) non-specific

biomarker selection leading to the identification of irrelevant TAAs, (2) inefficacy of mAbs to treat cancers, (3) reduced

mAbs internalization into tumor tissues (due to their bulky size), (4) production of neutralizing antibodies (or anti-idiotypic

antibody) against mAbs of human origin, (5) off-target effects and immunogenicity when used in humans with functional

immune systems, limiting repeated treatment dosage schedules and (6) common sides effects such as fatigue, rash, skin

disorders, endocrinopathies, diarrhea, pneumonitis, and colitis .
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Figure 1. Monoclonal antibody structure. C: constant domain, V: variable domain, H and L: heavy and light chains.

As such, despite early promise, the clinical application of therapeutic murine mAbs was severely hampered by their

incapacity to efficiently activate human effector functions and their immunogenicity, which gave rise to human anti-mouse

antibodies (HAMA) . This immunogenic response toward the fully xenogeneic murine mAb led to poor therapeutic

efficacy due to the neutralization and/or premature clearance of mAbs from the bloodstream, causing serious life-

threatening side effects such as allergic and immune-mediated reactions (e.g., thyroiditis) . This therapeutic

inefficacy was demonstrated when cutaneous T-cell lymphoma (CTCL) and melanoma patients were treated with murine

mAbs T101 and 9.2.27, respectively . Half of the treated CTCL patients and three melanoma patients were shown to

develop immunogenicity, which was characterized by an increased production of human antibodies against mouse

immunoglobulin G (mIgG), especially with a repeated treatment cycle . This immunogenic response is a significant

problem, as it markedly compromised the widespread and repeated application of mAbs to treat various diseases. To

mitigate these effects, recombinant protein technology was developed and led to the engineering of chimeric antibodies

with ameliorated therapeutic outcomes . These antibody formats consist of fusing an antigen-binding region (Fab:

endowed with the antigen-binding capacity of mouse xenogeneic origin) to a human antibody Fc region possessing the

effector functions that mediate ADCC . These chimeric antibodies have very low levels of immunogenicity, enabling

repeated dose treatment schedules with conserved efficacy of the parental mAb . Rituximab (FDA-approved in 1997) is

an example of a chimeric anti-CD20 mAb (consisting of a murine CD20 binding variable region of IgG1 mAb IDEC-2B8,

which is genetically fused to a human IgG1 and kappa constant regions) used to treat multiple cancers . Rituximab was

shown to moderately improve therapeutic efficacy when treating melanoma patients . In contrast, Velter et al. (2014)

demonstrated that rituximab could worsen melanoma treatment or induce melanoma while treating B-cell lymphoma

patients . These results prompted the further optimization of mAbs, aiming at improving chimeric antibody properties by

humanizing the fragment variable regions (Fab), which possess antigen-binding activity. Humanization of an antibody can

be performed through various methods including the grafting of CDRs, veneering through surface manipulation of the

framework region (FR) and transgenic mice using hybridoma technology. During the grafting method, xenogeneic V  and

V  of the variable region sequence (CDRs) are joined to the human depleted CDR immunoglobulin scaffold .

Although this process drastically reduces the antigenicity of murine mAb in humans, it may alter the humanized antibody–

antigen binding capacities, which in turn can influence its pharmacokinetic properties. The further improvement of mAbs

can be achieved through the veneering method, which minimizes xenogeneic mAb antigenicity in human, by substituting

xenogeneic FR-exposed residues with those mostly found in human antibodies. This is particularly relevant, as antigen-

binding affinity relies heavily on the topography and chemical structure of the CDRs and some framework residues to

maintain its binding affinity . This was confirmed by Padlan (1991), who reported that human and rodent-

derived immunoglobulin V  and V  possess unique features in exposed residues, which vary across the species .

Hence, an ideal antibody humanization should generate a product with (1) reduced immunogenicity and (2) conserved

antigen-binding affinity on the non-human CDRs. To achieve these goals, humanization procedures should substitute

exposed residues within the FR regions of the human scaffold with the murine exposed residues. This can be performed

by selecting the human Fab region showing the greatest sequence homology to the specific murine Fab region consensus

sequence . Yet, few studies were able to simultaneously preserve the antigen-binding properties and reduce the
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murine-derived CDR-induced antigenicity by simply grafting the latter xenogeneic CDR to the human-depleted

immunoglobulin . These limitations paved the way to the development of transgenic mice, which enabled the production

of a fully human antibody. These mice were engineered to possess functional human immunoglobulin transgenes,

replacing their mouse orthologues, which are genetically inactivated . In 1998, a humanized mAb gained FDA

approval to treat human epidermal growth factor receptor 2 (HER2)-positive breast tumors . Thereafter,

ipilimumab (targeting CTLA-4, FDA-approved in 2011) and spartalizumab (humanized IgG4-PD-1) were developed to

treat melanoma patients . Indeed, while the clinical efficacy of DTIC in metastatic melanoma was low and did not

offer any confirmed survival benefit, alternative treatment guidelines (based on the use of fully human mAbs) were being

approved by the FDA . For instance, patients with unresectable (advanced) stage III or IV melanoma received

ipilimumab and nivolumab (targeting PD-1) as concurrent therapy, resulting in a 3-years overall survival rate of 63% in 94

patients . As a result of the above-mentioned clinical successes, it became obvious that mAbs could be used as

immunotherapeutic agents. Recently, antibody genetic engineering has permitted the production of genetically truncated

versions, which are devoid of their effector Fc domain. These unnatural antibodies still retain their antigen-binding

properties and can be generated through the randomization of CDRs of the Fab regions (Figure 3) . Interestingly,

these new antibody formats can be genetically or chemically fused to a fusion protein or cytotoxic agent to exert their

potent effects as previously reported . For example, a single-chain fragment (scFv) consisting of V  and V

chains of a mAb (about 30 kDa) linked by a short peptide sequence can be genetically fused using interdomain chains to

form multivalent antibodies, such as diabody (60 kDa) or triabody (90 kDa), resulting in high-avidity properties .

However, the therapeutic activity of these novel antibodies will solely depend on the function of their conjugated warhead

toxin or toxic agents. Based on these observations, it was quickly realized that naked mAbs against TAAs would not reach

therapeutic fruition in existing pre-clinical animal models and that it would likely need to be coupled with toxic agents (e.g.,

small molecule toxins or PSs) to achieve improved anti-tumor responses.
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