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Abstract: Cancer is one of the leading global causes of death and disease, and treatment options are
constantly evolving. In this sense, the use of monoclonal antibodies (mAbs) in immunotherapy has
been considered a fundamental aspect of modern cancer therapy. In order to avoid collateral damage,
it is indispensable to identify specific molecular targets or biomarkers of therapy and/or diagnosis
(theragnostic) when designing an appropriate immunotherapeutic regimen for any type of cancer.
Furthermore, it is important to understand the currently employed mAbs in immunotherapy and
their mechanisms of action in combating cancer. To achieve this, a comprehensive understanding
of the biology of cancer cell antigens, domains, and functions is necessary, including both those
presently utilized and those emerging as potential targets for the design of new mAbs in cancer
treatment. This review aims to provide a description of the therapeutic targets utilized in cancer
immunotherapy over the past 5 years, as well as emerging targets that hold promise as potential
therapeutic options in the application of mAbs for immunotherapy. Additionally, the review explores
the mechanisms of actin of the currently employed mAbs in immunotherapy.
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1. Introduction

Cancer is one of the leading global causes of deceases. In 2020, about 10 million people
died due to this condition [1]; by 2040, 29.5% and 16.6% increases are expected in new cases
and deaths, respectively [2]. According to the World Health Organization (WHO), cancer
is the result of an interaction between genetic factors and three types of external factors:
(1) physical carcinogens such as UV and ionizing radiation, (2) chemical carcinogens such
as aflatoxins, arsenic, benzopyrene, bisphenol, and tobacco smoke (which are associated
with the modern lifestyle), and (3) biological carcinogens such as viruses (e.g., hepatitis
B and C, human papillomavirus), bacteria (Helicobacter pylori), and parasites (Schistosoma
haematobium, Opisthorchis viverrini, etc.) [3,4]. Recently, lung, colorectum, liver, stomach, and
breast cancers (Figure 1) have been reported with the highest mortality rates, representing
an alarming public health problem.
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monoclonal antibodies (mAbs) in immunotherapy has been considered as the corner-
stone of modern cancer therapy [6]. The mAbs have a high capacity to recognize and bind 
antigens (previously identified therapeutic targets) by its n-terminal extremes and then, 
coordinate both its inactivation and destruction by its c-terminal effector portion [7]; 
Moreover, mAbs can be applied alone or linked with drugs, enzymes, radionuclide or 
others antibodies [8–10]. In terms of mechanism of action [11,12], several characteristics 
make them an attractive therapeutic alternative, including specificity, potency, metabolic 
stability, malleability and versatility. This alternative enables the specific inhibition of cel-
lular receptors and ligands, either extracellular domains of membrane proteins or secreted 
proteins [10] (cytokines), which play crucial roles in tumor development and angiogenesis 
[13]. As a result, out of the currently approved, one hundred and twenty four mAbs, forty-
seven are designed for the treatment of cancer [14]. 

 
Figure 1. Estimated global number of new cancer cases in 2020, for both sexes and all age groups. 
Reproduced from Global Cancer Observatory (http://gco.iarc.fr/ (accessed on 1 July 2023)); data 
source: GLOBOCAN 2020, International Agency for Research on Cancer 2022. 

However, to design an appropriate immunotherapeutic regimen for any type of can-
cer, the identification of specific molecular targets or biomarkers of therapy and/or diag-
nosis (theragnostic) becomes indispensable in order to avoid collateral damage. Currently, 
there is an increasing number of established molecular targets for the treatment of diverse 
types of cancer. This review focuses on the therapeutic targets of mAbs utilized in cancer 
immunotherapy over the last 5 years and any new emerging targets that are being consid-
ered. It is necessary to understand the biological roles of these targets and the function of 
mAbs in antitumoral immunotherapies and immunotherapeutic treatments. 

2. Current Immunotherapeutic Targets for Cancer Treatment 
Therapeutic targets can be defined as individual molecules or sets of essential mole-

cules involved in the development of one or several pathologies. These targets enable the 
identification and specific treatment of these diseases. Additionally, therapeutic targets 
should exhibit differential expression compared to the normal physiological condition, 
either as soluble ligands or by being expressed on the surface of cells to be accessible to 
the therapeutic agent [6,15]. This section describes the main therapeutic targets identified 
in immunotherapy against various types of tumors, which are also represented in Figure 
2. 

Figure 1. Estimated global number of new cancer cases in 2020, for both sexes and all age groups.
Reproduced from Global Cancer Observatory (http://gco.iarc.fr/ (accessed on 1 July 2023)); data
source: GLOBOCAN 2020, International Agency for Research on Cancer 2022.

Cancer treatment options are constantly evolving and can be grouped into three cate-
gories: physical intervention (surgery), radiation therapy and pharmaceutical treatment,
which includes chemotherapy, hormone therapy and immunotherapy [5]. The use of mon-
oclonal antibodies (mAbs) in immunotherapy has been considered as the corner-stone
of modern cancer therapy [6]. The mAbs have a high capacity to recognize and bind
antigens (previously identified therapeutic targets) by its n-terminal extremes and then,
coordinate both its inactivation and destruction by its c-terminal effector portion [7]; More-
over, mAbs can be applied alone or linked with drugs, enzymes, radionuclide or others
antibodies [8–10]. In terms of mechanism of action [11,12], several characteristics make
them an attractive therapeutic alternative, including specificity, potency, metabolic stabil-
ity, malleability and versatility. This alternative enables the specific inhibition of cellular
receptors and ligands, either extracellular domains of membrane proteins or secreted pro-
teins [10] (cytokines), which play crucial roles in tumor development and angiogenesis [13].
As a result, out of the currently approved, one hundred and twenty four mAbs, forty-seven
are designed for the treatment of cancer [14].

However, to design an appropriate immunotherapeutic regimen for any type of cancer,
the identification of specific molecular targets or biomarkers of therapy and/or diagnosis
(theragnostic) becomes indispensable in order to avoid collateral damage. Currently, there
is an increasing number of established molecular targets for the treatment of diverse types
of cancer. This review focuses on the therapeutic targets of mAbs utilized in cancer im-
munotherapy over the last 5 years and any new emerging targets that are being considered.
It is necessary to understand the biological roles of these targets and the function of mAbs
in antitumoral immunotherapies and immunotherapeutic treatments.

2. Current Immunotherapeutic Targets for Cancer Treatment

Therapeutic targets can be defined as individual molecules or sets of essential molecules
involved in the development of one or several pathologies. These targets enable the identi-
fication and specific treatment of these diseases. Additionally, therapeutic targets should
exhibit differential expression compared to the normal physiological condition, either
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as soluble ligands or by being expressed on the surface of cells to be accessible to the
therapeutic agent [6,15]. This section describes the main therapeutic targets identified in
immunotherapy against various types of tumors, which are also represented in Figure 2.

Biomedicines 2023, 11, x FOR PEER REVIEW 3 of 32 
 

 
Figure 2. Tumoral antigens and therapeutic targets currently utilized in cancer immunotherapy are 
primarily located in cells of the immune system and tumor cells. 

2.1. Programmed Cell Death Protein 1 (PD1)/Programmed Cell Death Ligand 1 (PD-L1) Axis 
PD1 (or CD279) (UniprotKB—Q15116), is a membrane protein weighing approxi-

mately 55 kDa, belonging to the immunoglobulin superfamily. It consists of 288 amino 
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function by inhibiting T cell-mediated immune responses [18]. This means that activated 
PD1 recruits the phosphatase SHP2 (UniprotKB—Q06124), which dephosphorylates and 
attenuates key molecules in the T-cell receptor (TCR) and CD28 pathways. This acts as a 
checkpoint to control the inhibition of overactive T cells, regulating their activation, killer 
functions, proliferation, cytokine production, and death [19]. Consequently, our organism 
is able to control the intensity and duration of T-cell responses in order to maintain self-
tolerance and prevent autoimmune attacks [19]. 

However, several types of cancer cells have developed a strategy of overexpressing 
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of PD1. It has 290 aa, which are mainly distributed in two extracellular domains (19–127 
aa, Ig-like V-type; 133- 225 aa, Ig-like C2-type), a transmembrane helical portion (239–259 
aa), and a small cytoplasmatic domain (260–290) [20]. It is expressed on the surface of 
regulatory cells such as activated T and B cells, monocytes, keratinocytes, and dendritic 
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Figure 2. Tumoral antigens and therapeutic targets currently utilized in cancer immunotherapy are
primarily located in cells of the immune system and tumor cells.

2.1. Programmed Cell Death Protein 1 (PD1)/Programmed Cell Death Ligand 1 (PD-L1) Axis

PD1 (or CD279) (UniprotKB—Q15116), is a membrane protein weighing approximately
55 kDa, belonging to the immunoglobulin superfamily. It consists of 288 amino acids
(aa) distributed in an extracellular domain (24–170 aa), transmembrane helical domain
(171–191 aa), and cytoplasmatic domain (192–288) [16]. This protein is commonly expressed
on the surface of cells from immune system, particularly in tumor-specific T cells [17]. When
it is activated by its ligands (PD-L1 or PD-L2), PD1 performs its regulatory function by
inhibiting T cell-mediated immune responses [18]. This means that activated PD1 recruits
the phosphatase SHP2 (UniprotKB—Q06124), which dephosphorylates and attenuates
key molecules in the T-cell receptor (TCR) and CD28 pathways. This acts as a checkpoint
to control the inhibition of overactive T cells, regulating their activation, killer functions,
proliferation, cytokine production, and death [19]. Consequently, our organism is able to
control the intensity and duration of T-cell responses in order to maintain self-tolerance
and prevent autoimmune attacks [19].

However, several types of cancer cells have developed a strategy of overexpressing the
PD1 ligand (PD-L1) on their surface. This allows them to mimic, slow down, and evade the
immune response. PD-L1 (or CD274, B7-H1) (UniprotKB—Q9NZQ7) is a 33 kDa membrane
protein that also belongs to the immunoglobulin subfamily, and it is the main ligand of PD1.
It has 290 aa, which are mainly distributed in two extracellular domains (19–127 aa, Ig-like
V-type; 133- 225 aa, Ig-like C2-type), a transmembrane helical portion (239–259 aa), and
a small cytoplasmatic domain (260–290) [20]. It is expressed on the surface of regulatory
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cells such as activated T and B cells, monocytes, keratinocytes, and dendritic cells [21]. It
is also expressed by tumoral cells as a strategy to avoid immune response [19]. In fact,
PD-L1 expression is observed in different types of human tumor [22], and its involvement
in cancer progression has been established. For instance, in kidney cancer, the presence of
PD-L1 has been found to induce epithelial-to-mesenchymal transition (EMT) and promote
stem-cell-like phenotypes, which are indicative of renal cancer progression [23]. These
findings highlight the role of the PD1/PD-L1 pathway in driving the progression of kid-
ney cancer. However, the clinical efficacy of PD1/PD-L1-blocking antibodies has been
demonstrated in patients with advanced melanoma, as well as lung and renal cancer. The
discovery of the PD1/PD-L1 axis and its role in the control of T cells by Takuso Honjo
represents a significant advancement in the actual fight against cancer. For this contribution,
the Japanese scientist received the Nobel Prize in Physiology and Medicine in 2018 [24].
Due to these reasons, both PD1 and PD-L1 have been considered valuable therapeutic
targets for the use of mAbs against different types of cancer [25–27]. Tislelizumab is an
mAb that was approved in December 2019 in China for patients with relapsed or refractory
classical Hodgkin’s lymphoma after at least second-line chemotherapy [28]. penpulimab, a
humanized and engineered mAb (designed to eliminate Fc-mediated effector functions),
was approved in August 2021 in China for the treatment of adult patients with relapsed or
refractory classic Hodgkin´s lymphoma [29]. However, these two mAbs, along with three
others, are currently under review for approval in EEUU and Europe for several types of
cancer, such as esophageal squamous cell carcinoma (tislelizumab), metastatic nasopha-
ryngeal carcinoma (penpulimab), non-small-cell lung cancer (sintilimab), nasopharyneal
carcinoma (toripalimab), and squamous cell carcinoma of the anal canal (retifanlimab) [14].
Retifanlimab was recently approved by the Food and Drug Administration (FDA) to be
used in Merkel cell carcinoma [30]. Dostarlimab (Jemperli) is also one of the most recently
mAbs approved (2021) by the FDA and the European Medicines Agency (EMA) for the
treatment of endometrial cancer [14]. Furthermore, five other mAbs are currently under
review for approval in several types of cancers.

2.2. B-Lymphocyte Antigen CD20 (CD20)

CD20 (UniprotKB—P11836) is a 33 kDa membrane protein that belongs to the membrane-
spanning 4 domain family A (MS4A). It is expressed on the surface of B cells, although this
expression is lost when B cells differentiate in plasmablasts or start secreting antibodies [31].
However, CD20 is found to be expressed in B-cell lymphomas, leukemias, Hodgkin’s dis-
ease, and multiple sclerosis, among other conditions [32,33]. Furthermore, it is expressed in
approximately 3–5% of CD3+ T cells in human peripheral blood [31].

It is composed of N-terminal (1–56 aa) and C-terminal (210–297 aa) domains, along
with a small cytosolic domain (106–120 aa), four transmembrane domains (57–78, 85–105,
121–141, and 189–209 aa), and two extracellular domains (79–84 and 142–188 aa). These
extracellular domains contain epitopes recognized by most mAbs produced against CD20.
However, alternative transcripts encoding truncated forms of CD20 have been identified in
malignant B cells, allowing them to evade recognition by mAbs [34,35].

The function of CD20 is not yet fully understood, but is believed to play a crucial role in
the optimal development of humoral immunity. It depends on a functional B-cell receptor
(BCR) signaling pathway; apparently, CD20 works as a calcium channel that activates
BCR [36]. Silencing CD20 in malignant B cells has been shown to affect the phosphorylation
of several kinases and proteins associated with BCR [36], suggesting that CD20 is involved
in BCR signaling [37].

Due to its prominent presence on the surface of B cells and some T cells, it is considered
an important therapeutic target in hematological B-cell malignancies, such as leukemias
and lymphomas [35,36], as well as autoimmune diseases, such as multiple sclerosis [32,38].
Two recently approved humanized and bispecific IgG1 mAbs targeting CD20 and CD3 are
mosunetuzumab (approved in the European Union) and epcoritamab (approved in the
USA), utilized for the treatment of follicular lymphoma and diffuse large B-cell lymphoma,
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respectively [39,40]. Ublituximab, a chimeric IgG1 mAb against CD20, is currently under
regulatory review for approval in the USA, for the treatment of chronic lymphocytic
leukemia [14].

2.3. Human Epidermal Growth Factor Receptor 2 (Receptor Tyrosine Kinase) (HER2)

The human epidermal growth factor receptor 2 (HER2/ErbB2/Neu) (UniprotKB—
P04626), encoded by the ERRB2 gene, is a glycoprotein with a molecular weight of ap-
proximately 185 kDa. It belongs to the ErbB family of transmembrane receptor tyrosine
kinases (RTKs), which play an important role in the signaling pathways involved in cell
growth, proliferation, migration, differentiation, metabolism, survival, and regulation of
intercellular communication during development [41]. It is composed of an extracellular
ligand-binging domain (23–652 aa), a hydrophobic transmembrane domain (653–675 aa),
and a cytoplasmatic tyrosine kinase domain (676–1255 aa). This kind of RTK is activated
when a ligand binds to the extracellular domain, leading to dimerization and autophospho-
rylation of the cytoplasmatic tyrosine kinase domain. As a result, this initiates downstream
signaling, influencing all processes mentioned above [42]. However, HER2 does not have
a known ligand; instead, it is constitutively active and able to heterodimerize with other
ErbB proteins, thereby becoming a powerful signal transducer [41,42]. HER2 is normally
expressed in the epithelia of various organs, and its aberrant overexpression has been
associated with adenocarcinomas, including breast, cervix, lung, ovary, endometrium,
gastroesophageal junction, gastric, and bladder cancers [43]. Currently, HER2 serves as an
important prognostic and therapeutic target for breast cancer. Approximately 15–30% of
human breast cancers are HER2-positive or overexpress HER2 [44,45], which is associated
with a poorer outcome compared to non-overexpressing cases [41]. To date, two mono-
clonal antibodies have been approved to treat HER2-positive breast cancer: margetuximab,
approved on 2020 by the FDA, and trastuzumab deruxtecan, approved on 2019 in the
United States (US) by the FDA and recently (2021) in Europe by the EMA [14].

2.4. B-Lymphocyte Antigen CD19 (CD19)

CD19 (UniprotKB—P15391) is a membrane protein with a molecular weight of ap-
proximately 95 kDa. It belongs to the immunoglobulin superfamily and is exclusively
expressed on B cells [46]. This protein contains 556 aa distributed in an extracellular do-
main (20–113 aa, Ig-like C2-type1; 176–277 aa, Ig-like C2-type2), transmembrane domain
(292–313), and most importantly, a cytoplasmatic domain (314–556 aa). The cytoplas-
mic domain of CD19 contains conserved tyrosine residues that play an important role in
the transduction of CD19-mediated signals [47,48]. It is a critical regulator coreceptor of
BCR. Its functions include (a) mobilization of intracellular calcium, which is required for
the activation of several transcription factors [49], (b) enhancement of mitogen-activated
protein kinase (MAPK) activation, (c) amplification of Src protein tyrosine kinase (PTK)
activation, which is involved in the initiation and propagation of BCR signaling, and (d)
prolongation of BCR signaling in lipid rafts. For more details of these process, refer to the
review by Li et al. [46]. Therefore, CD19 is essential for the primary activation of B cells by
T-cell-dependent antigens, as well as for their differentiation into memory B cells [50]. Its
abnormal expression, either decreased or not, can result in immune deficiency [46] such as
chronic lymphocytic leukemia, follicular lymphoma, and diffuse large B-cell lymphoma,
while its increased expression is correlated with systemic sclerosis [51,52]. Tafasitamab
(Monjuvi) is an mAb against CD19 approved in 2020 by FDA to treat diffuse large B-cell
lymphoma, and it is currently under review by EMA [14].

2.5. Disialoganglioside GD2 (GD2)

The GD2 antigen is a sphingolipid coated with five monosaccharides: glucose, galac-
tose, N-acetylgalactosamine, and two N-acetylneuraminic acids [53]. It is synthesized in
the Golgi apparatus, and its expression in normal tissues remains restricted to neurons,
skin melanocytes, and peripheral pain fibers [54], but it also has been found expressed
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in stem cells [55]. However, GD2 is overexpressed in several types of cancer such as
neuroblastoma [56], small-cell lung cancer [57], melanoma [58], Ewing sarcoma [59], os-
teosarcoma [60], soft-tissue sarcoma [61], glioma [62], retinoblastoma [63], and breast [64]
and bladder cancer [65]. GD2 can be detected in the plasma, peripheral blood, bone marrow,
and tumor tissue [53]. Although the general role of GD2 in normal cells is not well de-
fined [66], it is thought that GD2 possesses potent stemness ability [67] because it enhances
proliferation, motility, migration, adhesion, and invasion of tumoral cells [68–70]. As
GD2 overexpression is a signal of malignancy, it is considered an exceptionally promising
therapeutic target. Naxitamab (Danyelza) is a humanized mAb against GD2. In 2020, it
was approved by the FDA for the treatment of high-risk neuroblastoma and refractory
osteomedullary disease [14].

2.6. B-Cell Maturation Antigen (BCMA or CD269)

The BCMA (UniprotKB—Q02223) is a membrane protein with a molecular weight
of approximately 20.2 kDa, encoded by the TNFRSF17 gene. It belongs to the tumor
necrosis factor receptor superfamily, and it is exclusively expressed on the surface of
plasmablasts [71] and plasma cells [72]. This protein contains of 184 aa distributed in
an extracellular domain (1–54 aa), transmembrane domain (55–77 aa), and cytoplasmic
domain (78–184 aa). This protein plays a crucial role in B-cell proliferation, survival, and
differentiation into plasma cells [73]. The extracellular domain of BCMA is cleaved by
γ-secretase to produce soluble BCMA, which regulates plasma cell in the bone marrow [74].
The BCMA has two ligands, a B-cell-activating factor (BAFF) and a proliferation-inducing
ligand (APRIL). The interaction between APRIL and BCMA transmits differentiation and
survival signals, leading to immunoglobulin isotype switching and viability of plasmablasts
and plasma cells in the bone marrow [75,76]. BCMA is particularly highly expressed in
pathogenic plasma cells from multiple myeloma, B-cell leukemias, and lymphomas [77,78].
It is an ideal target for treating malignancies of these cells types since BCM is elevated in
the serum, plasma, and tissues suffering this disease [74,79]. Belantamab mafodotin is a
humanized mAb conjugated with a synthetic antineoplastic agent, monomethyl auristatin
F [80]. In 2020, it is was approved by the FDA and EMA for the treatment of multiple
myeloma [14].

2.7. Trophoblast Cell-Surface Antigen 2 (TROP-2)

TROP-2, best known as tumor-associated calcium signal transducer 2, is a cell surface
glycoprotein referred to by different names such as epithelial glycoprotein-1, membrane
component surface marker-1 (M1S1), cell surface glycoprotein Trop-2, membrane compo-
nent chromosome 1 surface marker 1, and gastrointestinal antigen 733-1 (GA733-1) [81–83]
(UniprotKB—P09758). It is encoded by the TACSTD2 gene, a transmembrane glycoprotein
with a molecular weight of approximately 46 kDa. It is composed of an extracellular
domain (27–274 aa), small transmembrane domain (275–297 aa), and cytoplasmatic do-
main (298–323 aa). Due to its ability to be phosphorylated by protein kinase C [84], it is
considered an important component of signal transduction across the cell membrane [85].
While its role in normal cells is not yet fully understood [81], TROP-2 has been found to
be overexpressed in several solid epithelial cancers, and it is associated with proliferation,
cell migration, and tumor growth [85]. The main pathway governing these processes is
the PI3K/AKT pathway [86]. In gallbladder cancer, inhibition of TROP-2 was found to
regulate the PI3K/AKT pathway by decreasing the expression and phosphorylation of Akt
(known to induce oncogenesis [87]) and increasing the expression of the dual phosphatase
PTEN [88], an enzyme that suppresses PI3K signaling and AKT activation [87]. Due to
these findings, the extracellular domain of TROP-2 has been utilized as an antigen to
produce mAbs for therapeutic purposes. Lin et al. isolated a Fab antibody fragment against
TROP-2 utilizing phage display technology and successfully inhibited the growth of breast
cancer in both in vitro and in vivo experiments [89]. This same Fab antibody fragment was
further conjugated with doxorubicin (a commonly utilized in chemotherapy agent), and it
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was able to inhibit the proliferation and growth of pancreatic cancer in both in vitro and
in vivo experiments [90]. Additionally, this Fab fragment was converted into IgG through
eukaryotic expression vectors and tested in ovarian cancer, where Liu et al. demonstrated
its ability to inhibit tumor cell growth, migration, and invasion in both in vitro and in vivo
experiments [91]. Recently, in 2020, sacituzumab govitecan was approved by the FDA for
the treatment of triple-negative cancer [14].

2.8. Adp-Ribosyl Cyclase/Cyclic Adp-Ribose Hydrolase 1 (CD38)

CD38 encodes for a membrane glycoprotein, with a molecular weight of 34.33 kDa,
composed of a cytoplasmatic domain (1–21 aa), transmembrane helix (22–42 aa), and ex-
tracellular domain (43–300 aa). This protein is expressed on plasma cells, natural killer
cells, several subpopulations of B and T cells, prostatic epithelial cells, pancreatic islet cells,
neurons, retinal ganglion cells and another subset of cells [92–95]. Its main function is the
catabolism of nicotinamide adenine dinucleotide (NAD+) to cyclic ADP-ribose (cADPR)
and cADPR to ADPR [96], as well as the conversion of nicotinamide adenine dinucleotide
phosphate (NADP) into nicotinic acid adenine dinucleotide phosphate (NAADP) [97].
Both cADPR and NAADP are considered potent Ca2+-releasing messengers implicated
in various signaling pathways such as smooth muscle contraction, hormonal secretion,
fertilization, immune responses, and other processes [98]. CD38 has been found highly
expressed in a subset of hematological tumors, particularly multiple myeloma, compared
to low levels on normal cells [99]. Its overexpression leads to a decline in intracellular
NAD+ and NADP levels, which is believed to disrupt the homeostasis of these important
nucleotides, affecting normal metabolic processes and tissue integrity, as well as the tumor
microenvironment [100]. Recently, it has been demonstrated that cancer-associated fibrob-
lasts expressing CD38 in melanoma promote disease progression through the production
of pro-tumoral factors that enhance tumor cell migration, invasion, and blood vessel for-
mation [101]. In 2020, isatuximab, a chimeric mAb developed by Sanofi that binds CD38,
was approved by the EMA and FDA for the treatment of relapsed/refractory multiple
myeloma [102,103].

2.9. Nectin-4 or Poliovirus Receptor-like 4 (PVRL4)

Nectin-4 (UniprotKB—Q96NY8), also known as PVRL4, is a type of I transmembrane
cell adhesion glycoprotein from with a molecular wight of approximately 66 kDa. It is
composed of an extracellular domain (32–349 aa), transmembrane domain (350–370 aa), and
cytoplasmatic domain (371–510 aa). It belongs to the immunoglobulin superfamily [104].
This protein is involved in the formation and maintenance of cell-to-cell adhesion junc-
tions, and it participates in both homophilic and heterophilic interactions with cadherins.
It regulates processes such as polarization, cellular adhesion, and movement [105,106].
In regular human tissue, Nectin-4 is predominantly expressed in the placenta and em-
bryo [104,107,108]. However, under pathological conditions, it can be expressed in the skin,
esophagus, stomach, bladder, breast, salivary gland, trachea, prostate, and lung [106,109].
Nectin-4 has been shown to be overexpressed in several types of cancer, leading to the acti-
vation of WNT-β catenin and Rac small protein pathways in the PI3K/AKT pathway [110].
While Nectin 4 mRNA expression is absent in healthy tissues, its presence in triple-negative
breast cancer (TNBC) has been associated with a poor prognosis [111]. The serum levels
of Nectin-4 in lung cancer patients and the expression in urothelial carcinoma cells are
significantly higher compare to healthy patients and cells, respectively [112]. However, the
interaction of Nectin-4 with tumor microenvironments and its predictive and prognostic
role are still controversial [112,113]. Despite this and due to its overexpression, Nectin-4
was utilized to create enfortumab vedotin, a potent antibody conjugated to an antimitotic
agent, denominated monomethyl auristatin E (MMAE). This conjugate disrupts micro-
tubules and induces apoptosis in multiple preclinical cancer models [109], particularly in
urothelial carcinoma cells [112].
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2.10. Cd79b (ADC) Diffuse Large B-Cell Lymphoma

CD79b (UniprotKB—P40259), also known as IgB, is a glycoprotein with a molecular
weight of 26 kDa, encoded by the B29 gene [114]. It is part of the heterodimeric signaling
component of the BCR [115], and it is exclusively expressed by the B-cell compartment. It
is composed of an extracellular domine (29–159 aa, Ig-like V-type), transmembrane helix
(160–180 aa), and small cytoplasmatic domain (181–229 aa). The cytoplasmatic region
contains an immunoreceptor tyrosine-based activation motif (ITAM) [116], which is respon-
sible for initiating BCR aggregation [114]. CD79b is responsible for mediating the surface
expression and signaling of various BCR complexes at all stages of development, including
immature precursor B cells and mature B cells [117,118]. Mutations in this protein have
been associated with different types of bone marrow cancer. CD79B mutations in conjunc-
tion with MYD88L265P occur in approximately 8% of diffuse large B-cell lymphomas [119].
Moreover, the presence of the CD79b protein is commonly observed in patients with
chronic lymphatic leukemia and in some cases of multiple myeloma. It also serves as a
reliable pan-B-cell marker for the detection of neoplastic B-cells [120]. CD79b is expressed
in non-Hodgkin’s lymphomas about 90% of the time [121,122]. The ITAM domain enables
the initiation of signaling cascades, leading the translocation of NF-κB members to the
nucleus and subsequent transcription of pro-survival target genes. This promotes cell
survival and proliferation, sustaining neoplastic proliferation [123]. Polatuzumab vedotin,
a humanized mAb covalently conjugated with MMAE via a cleavable linker was developed
by Genentech (a subsidiary of Roche) [124]. It was designed to bind CD79b. In 2019 and
2020, it was approved by the EMA and FDA, respectively, for the treatment of diffuse large
B-cell lymphoma [14].

2.11. CD22

CD22 (UniprotKB—P20273) is also known as B-lymphocyte cell adhesion molecule
(BL-CAM), sialic acid-binding Ig-like lectin 2 (Siglec-2), and T-cell surface antigen Leu-14.
It is a 155 kDa protein that belongs to the SIGLEC family of lectins. It is a single-pass type
I membrane protein, with an extracellular domain (20 to 687 aa), single transmembrane
domain (688 to 706 aa), and cytoplasmic domain (707 to 847 aa). It is expressed during the
early stages of ontogenesis of B cells in the spleen and bone marrow [125]. It is known to
be an inhibitory receptor [126,127], and it is present exclusively on B cells, predominantly
on mature B cells, where it regulates proliferation and function [128]. By associating with
the BCR, CD22 inhibits B-cell response, preventing an overly aggressive B-cell reaction and
autoimmunity [126]. One of its functions is to prevent the development of autoimmune
diseases, although altered B cells can bypass the normal checkpoints and facilitate the
development of autoimmune diseases [129], such as systemic sclerosis [130] and systemic
lupus erythematosus [131]. By binding to sialo glycans, it reduces the regular inhibitory
effects [126]. It is also known to promote cell proliferation and apoptosis via BCR [128].
It is often found alongside CD19 and CD20 on the surface of hyperactivated B cells in
autoimmune diseases. Consequently, Medimmune (a parent company of AstraZeneca) has
developed some therapeutic approaches, including naked antibodies [132], antibody–drug
conjugates [133], radioimmunoconjugate antibodies [134], bispecific antibodies [135], and
trispecific antibodies [136]. Moxetumomab pasudotox is a murine mAb conjugated with a
toxic fragment of Pseudomonas exotoxin A that specifically targets CD22. It was approved
by the FDA in the USA in 2018 and received approval by the EU in 2021 for the treatment
of hairy cell leukemia [14,137].

2.12. CC Chemokine Receptor Type 4 (CCR4)

CCR4 (UniprotKB—P51679) is a chemokine receptor that can recognize CCL17 (thymus-
and activation-regulated chemokine) and CCL22 (macrophage-derived chemokine) [138].
This antigen is composed of 360 aa distributed in four extracellular domains (1–39 aa,
99–111 aa, 176–206 aa, and 268–284 aa), seven transmembrane domains (40–67 aa, 78–98 aa,
112–133 aa, 151–175 aa, 207–226 aa, 243–267 aa, and 285–308 aa), and four cytoplasmatic
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domains (68–77 aa, 134–150 aa, 227–242 aa, and 309–360 aa). CCR4 is primarily expressed
by Th2 lymphocytes and regulator T cells (Treg), and it is often overexpressed in mature
T-cell cancers such as adult T-cell leukemia (ATL) and cutaneous T-cell lymphomas (CT-
CLs) [139]. In tumors, blocking of CCR4-dependent Treg recruitment is an important
mechanism of tumor-extrinsic immune resistance [140]. Furthermore, accumulation of Treg
cells in the tumoral microenvironment (TME) weakens the immune response of patients
receiving immunotherapy [141]. The degree of infiltration of CCR4+ Treg cells in prostate
cancer is related to prognosis, with higher levels of expression of CCR4+ T cells observed
in specimens with higher Gleason scores (≥8) (p = 0.041) and associated with a faster
progression to castration-resistant prostate cancer [142]. CCR4 has been identified as a
tumor-initiating chemokine in cutaneous T-cell lymphoma [143], associated with migration
and invasion of lung cancer cells [144], promoting metastasis (together with CCL17) in
bladder cancer [145] and facilitating cell migration (together with CCL2) in head and neck
squamous cell carcinoma [146]. The full therapeutic potential of CCR4 inhibition and Treg
depletion is still to be defined [147]. However, mogamulizumab, a humanized anti-CCR4
mAb developed in Japan, was approved in 2018 by the FDA and EMA for the treatment of
cutaneous T-cell lymphoma. This mAb has been used in combination with durvalumab
(anti PD-L1) or tremelimumab (anti CTLA-4) for the treatment of solid tumors [138]. It has
also been labeled with indium-111 for in vivo diagnostic imaging [148].

2.13. PDGRFα

PDGRFα (platelet-derived growth factor subunit A) (UniprotKB—P04085) belongs to
the type III transmembrane receptor tyrosine kinase (RTK) family, and it is a component
of platelet-derived growth factor receptors (PDGFRs) [149]. Its structure is characterized
by five extracellular domains named D1–D5, which are similar to immunoglobulins. It
is also composed of a transmembrane portion and two intracellular tyrosine kinase do-
mains with an adenosine triphosphate (ATP)-binding region and a phosphotransferase
region [150,151]. Upon binding with its ligand, PDGFRα undergoes receptor dimerization,
leading to autophosphorylation of the tyrosine kinase domain and subsequent activation
of pathways involved in cell-cycle activation, cell proliferation, and apoptosis inhibition,
such as PI3K/Akt, Ras/MAPK, JAK/STAT, and RaF/MEK/ERK [150,152,153]. This re-
ceptor plays a crucial role in the regulation of biological processes, including embryonic
development, gastrulation, and organ development such as the lungs, intestine, skin, testi-
cles, and kidneys [154,155]. It is responsible for the maintenance of mesenchymal stromal
cell (MSC) and immune infiltration [156–158]. Moreover, it is involved in cell prolifera-
tion, migration, invasion, and tumor progression [155,156,159]. Errors in the activation of
PDGFRα associated with malignant tumors by mutation, amplification, and gene fusion
have been observed. Mutations commonly occur in gastrointestinal stromal tumor cells
(5–10%) [160], as well as in non-small-cell lung cancer (6%) and colorectal cancer (5%).
Gene amplification problems are frequently seen in glioblastoma (12%) [161,162]. Increased
expression of PDGFRα has been shown to stimulate proliferation, metastasis, and invasive
potential in papillary thyroid cancer cells. In addition, this high expression is associated
with a lower probability of patient survival, highlighting its potential as a biomarker and
pharmacological target in thyroid cancer therapy [163,164].

2.14. SLAMF7 (CD319)

SLAM (signaling lymphocytic activation molecule) is a family of receptors expressed
exclusively at varying frequencies on immune cells, including CD8 T cells, natural killer
cells, and activated B cells [165]. One member of this family is SLAMF7 (SLAM family
member 7), which is also known as CD319, CRACC, CS1, and 19A. It is a protein encoded
by the SLAMF7 gene (UniprotKB—Q9NQ25). Except for SLAMF2, SLAMF proteins are
type I transmembrane glycoproteins [166]. They are composed of an extracellular do-
main (23–226 aa), helical transmembrane domain (227–247 aa), and cytoplasmic domain
(248–335 aa). There are seven isoforms of SLAMF7 produced by alternative splicing which
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differ in the extracellular (isoforms 2, 4, and 7), transmembrane (isoform 4, 6, and 7), and
intracellular (isoforms 3, 5, and 7) domains. SLAMF7 functions as homotypic receptor,
binding SLAM-associated proteins (e.g., EAT-2) through its cytoplasmic immunoreceptor
tyrosine-based switch motifs [167]. This interaction leads to the activation of cellular im-
mune responses [168], including natural killer cell activation [169]. However, SLAMF7
can also be activated in the absence of EAT-2, resulting in cellular inhibition [170]. In this
context, SLAMF7 has been implicated as a regulator of T-cell inhibitory programs and a
contributor to T-cell exhaustion [171]. Overexpression of SLAMF7 in clear-cell renal cell
carcinoma (ccRCC) has been associated with poor patient survival due to T-cell exhaus-
tion [171]. More than 95% of multiple myeloma patients express SLAMF7 [172], making it
a promising therapeutic target in multiple myeloma. Elotuzumab, a humanized mAb, was
approved in the USA in 2015 and EU in 2016 for the treatment of multiple myeloma [14].

2.15. Tissue Factor/CD142

Tissue factor/CD142 (TF/CD142, UniprotKB—P13726), also known as coagulation
factor III and thromboplastin, is a protein with a molecular weight of 33–27 kDa, encoded
by the F3 gene in humans. There are two reported isoforms, P13726-1 and P13726-2.
Isoform 1, also known as flTF, is a 33.07 kDa protein located on the cellular membrane. It is
composed of an extracellular domain (33–251 aa), transmembrane domain (252–274 aa),
and cytoplasmic domain (275–295 aa). Isoform 2 (UniprotKB—P13726-2), also known as
asHTF, is a 27.145 kDa protein secreted from the cell. The amino-acid sequence of isoform
2 varies from the canonical sequence (isoform 1) from positions 199 to 238, and it is missing
from positions 239 to 295. Its main function is to initiate normal blood coagulation by
forming a complex with circulating factors VII or VIIa [173]. Additionally, it promotes
maturation, cell growth, development, differentiation, migration, and cell mobility [174]
by stimulating the production of chemokines such as interleukin-8 [175], CCL2 (C–C
motif ligand 2) [176], and KC (keratinocyte-derived chemokine) [177]. CD142 has been
reported to be expressed on the surface of multiple cancer cells, and it is also associated
with the mobility of several tumors, including gastric adenocarcinoma [175], colorectal
cancer [174], and ovarian cancer [178]. Although it has low tissue specificity, it has been
identified as a marker in gastric adenocarcinoma [175], colorectal cancer [174], and prostate
cancer [179]. It is also known to promote angiogenesis, endothelial cell proliferation, and
other processes. The expression of CD142 is dependent on cell type and can be induced
by interleukin-1 [180], interleukin-33 [181], and TNFα [182]. In 2021, the FDA approved
an mAb denominated tisotumab vedotin (TivdakTM). It is a human mAb conjugated with
MMAE that binds tissue factors expressed in metastatic cervical cancer [183].

2.16. CTLA-4

CTLA-4 (UniprotKB—P16410) is a membrane protein with a molecular weight of
approximately 25 kDa, associated with T cytotoxic lymphocytes [184]. It is considered an
immune checkpoint and an important negative regulator of T-cell responses [185]. It belongs
to the immunoglobulin superfamily and contains 223 aa distributed in an extracellular
domain (36–161 aa), transmembrane helical domain (162–182 aa), and cytoplasmatic domain
(183–223 aa). The CTLA-4 pathway is involved in regulating the immune response mediated
by T cells during the priming phase [185]. CTLA-4 is constitutively expressed on regulatory
T cells to exert immune suppression [185,186]. However, in the cell, 90% of CTLA-4 in early
stages as inactive T-cells is located in the stimulating signals of CD28. The translocation of
CTLA-4 is induced through exocytosis [186,187], thus regulating the level of expression of
CD28 [188].

CTLA-4 plays an important role in tumorigenesis and tumor immunity. Therefore, it
serves as a prognostic biomarker in different types of cancer [184,189]. Liu et al. observed in-
creased levels of CTLA-4 in 13 tumor tissue types, including endometrial carcinoma cervix,
cholangiocarcinoma, invasive breast carcinoma, head and neck carcinoma, esophageal
carcinoma, renal papillary cell carcinoma, clear-cell carcinoma of the kidney, adenocar-
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cinoma of the lung, hepatocellular carcinoma of the liver, adenocarcinoma of the liver,
adenocarcinoma of the colon, squamous cell carcinoma of the lung, and adenocarcinoma of
the prostate [184]. The levels of CTLA-4 were correlated with the degree of infiltration of
cells such as T and B cells, macrophages, dendritic cells, and neutrophils in different types
of cancer [184].

Usually, CTLA-4 therapy is combined with the marker PD-1, resulting in improved
survival of patients with liver cancer [185]. However, the response rate to treatment in
patients remains low (<50%) [190]. Currently, there are two anti-CTLA-4 human mAbs.
The first is ipilimumab, developed by Bristol-Meyers Squibb Pharmaceuticals (New York,
NY, USA) and approved in the USA and EU, in 2011, for the treatment of metastatic
melanoma [191]; it is used in gastro-esophageal cancer [192], colorectal cancer [193], and
lung cancer [194]. The second is tremelimumab, developed by Pfizer and approved in the
USA, in 2022, for the treatment of liver cancer and others cancers [195].

3. Emerging Immunotherapeutic Targets for Cancer Treatment

Thanks to advances in proteomics and the analysis of extracellular vesicles secreted in
the blood plasma of patients with different types of cancer, the identification of potential
protein biomarkers for immunotherapy treatment has become faster and more efficient.
Some emerging proteins that play a crucial role in the progression and malignancy of
various types of cancer are described below, which are also being considered for the design
of mAbs for immunotherapy treatment.

3.1. COL11A1

Alpha-1 collagen (XI) (UniprotKB—P12107) is a polypeptide chain encoded by the
COL11a1 gene. It is composed of 1806 aa, and it is one of the alpha chains that make up
alpha collagen XI [196], which is a heterotrimer composed of alpha chains encoded by
the COL11a1, COL11a2, and COL2a1 genes [197]. This protein belongs to the cartilage
family [198], and it is classified as a minor fibrillar collagen subgroup. It is composed of
various domains but does not form triple-helical domains [199]. It has a globular amino-
acid domain called TSPN (32–299 aa) [200] and a C-terminal propeptide, known as the
COLFI domain (1575–1804 aa), which serves as a binding site for different proteins via
calcium ions (UniprotKB, 2021).

COL11a1 is a critical protein involved in the regular formation of collagen fibrils
and the regulation of type II collagen fibrillogenic in different mammalian models [201].
It is predominantly expressed in the extracellular matrix [198], and it can be found in
different tissues, including the articular cartilage, testicles, trachea, tendons, trabecular
bone, skeletal muscle, placenta, and lung [201]. However, its expression in these tissues
is relatively low. Interestingly, overexpression of COL11a1 is associated with different
types of aggressive cancers, resistance to chemotherapy [198], and low prognosis [197].
This is particularly evident in mesenchymal tumors derived from scleroderma and keloids,
as well as in gliomas/glioblastomas in humans, which exhibit high levels of COL11a1
expression [202].

Among the types of related cancers, lung cancer [203] is noteworthy, as COL11a1
has been associated with metastasis to lymph nodes and a poor prognosis. It promotes
metastasis and resistance to cisplatin [204]. Similarly, overexpression of COL11a1 has been
related to a poor prognosis in ovarian cancer [205]. This is related to increased level of
metastasis and resistance to chemotherapy, primarily observed in stromal cells and, in
particular, fibroblasts associated with cancers [206].

Furthermore, COL11a1, along with other proteins present in the extracellular matrix,
is overexpressed in breast carcinoma. These proteins are released into the blood, enabling
their detection in plasma using the ELISA technique [204,206]. Upon review, COL11a1 can
be highlighted as a potential biomarker for different types of cancers. Its overexpression is
associated with more aggressive cancers, poor prognosis and resistance to chemotherapy.
However, there currently no specific alternatives designed to inhibit its function.
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3.2. Claundin 18

Claudin 18 (UniprotKB—P56856), also called CLDN18, is a membrane protein that
belongs to the claudin family. It is composed of 261 aa distributed across two extracellular
domains (28–80 aa and 144–174 aa), four transmembrane domains (7–27 aa, 81–101 aa,
123–143 aa, and 175–195 aa), and three intracellular domains (1–6 aa and 102–122 aa). Its
main function is associated with the maintenance of tight junctions, which regulate the
exchange of molecules between cells [207]. Claudins are predominantly found in gas-
tric [208], pancreatic [209], and pulmonary [210] tissues. Claudin 18 has two isoforms:
CLDN18.1, mainly expressed in the lung; CLDN18.2, a specific isoform overexpressed in
the stomach, which has emerged as an ideal biomarker [207] because it is widely expressed
only in cancer cells, particularly gastric and gallbladder cancer [15]. CLDN18.2 is retained
in the presence of a malignant transformation, making it an ideal candidate for monoclonal
antibody binding [211]. Changes in claudins at tight junctions are associated with damage
to tight adhesions and polarity in the epithelium [212]. These structural abnormalities can
lead to increased cell proliferation, epithelial–mesenchymal transition, invasion, and metas-
tasis [213]. Furthermore, the expression of CLDN18 is correlated with a common malignant
Epstein–Barr virus-associated tumor known as EBV infection, specifically in gastric cancer
(EBVaGC) [214]. This correlation is supported by the fact that the majority of EBVaGC cases
exhibit high levels of CLDN18.2 expression. The CLDN18.2 expression in tumor cells is
likely associated with key features of EBV12-mediated carcinogenesis [215]. On the con-
trary, low expression of CLDN18.2 is associated with changes in mucin expression, which
is used to classify GC into different mucin phenotypes [216]. CLDN18.2 is not expressed in
any healthy tissue, except for the gastric mucosa [216]. Recently, zolbetuximab, a chimeric
IgG1 mAb, which binds to CLDN18.2 on the surface of tumor cells, was developed and
investigated in clinical trials [217,218]. This mAb triggers antibody-dependent cellular
cytotoxicity (ADCC) and induces apoptosis and inhibition of cell proliferation [207]. As a
first-line treatment, it showed improved median survival in patients with CG expressing
claudin 18.2 compared to chemotherapy alone [219,220]. For this reason, CLDN18.2 is
being considered as a potential new target in several types of tumors, given the remarkable
success of zolbetuximab against GC.

3.3. CD73

CD73, also known as ecto-5’-nucleotidase, is a protein composed of 574 aa and encoded
by the NT5E gene (UniprotKB—P21589). It has a molecular weight of approximately
63.4 kDa and is found in the cell membrane with hydrolase activity. It is anchored to
glycosylphosphatidylinositol (GPI). It is expressed at different levels in tissues, as well
as cells such as endothelial cells, epithelial cells, and T and B lymphocytes. In these
cases, it acts as an important factor in the differentiation of these two lines [221,222]. A
soluble form of CD73 has been reported, which is responsible for transforming extracellular
ATP into immunosuppressive adenosine. This process is correlated to CD39 and limits
immune activity, leading to a rare disease denominated “arterial calcifications due to CD7
deficiency” [222].

Several studies have reported that CD73 is upregulated in various types of cancer, and
that a higher level of CD73 is commonly associated with worse clinical outcomes [223].
When CD73 is overexpressed in cancer cells, they begin to generate high levels of adenosine,
creating a microenvironment in the tumor area [224]. This adenosine-rich microenviron-
ment promotes the growth and proliferation of cancer cells, angiogenesis, and immune
suppression in the area [224]. Consequently, CD73 acts as an immunoinhibitory protein that
promotes tumor metastasis [224,225]. Due to this role, CD73 is considered an important
target for inhibiting tumor growth in many therapies.

CD73 can affect different tumorigenic characteristics, such as cell proliferation, by
regulating the cell cycle. It also plays a role in apoptosis and other signaling pathways,
including EGFR, beta-catenin/cyclin D1, VEGF, and AKT/ERK [225], via the Rap1/P110β
pathway [226]. Additionally, it is also responsible for processes such as adhesion, migration,
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stemness, angiogenesis, and metastasis [225]. It exhibits enzymatic activity related to CD39,
as it utilizes AMP as a raw material for metabolic processes, resulting in the production of
adenosine, which acts on extracellular receptors, regulates the activity of adenylate cyclase
(AC), and can be integrated into the cell through nucleoside transporters [225].

Adenosine functions as an immunomodulatory factor generated by the degradation
of ATP by NTPDase1 [224]. While ATP mediates inflammatory responses, adenosine acts
as an anti-inflammatory mediator, regulating the decline of immune cell function through
its four receptors (A1, A2A, A2B, and A3) [222,224].

Due to its critical role in antitumor immunity, CD73 has been identified as a promising
target for immunotherapies. Recent research has established effective models using strate-
gies such as anti-CD73 mAb or inhibitors such as APCP, LY3475070, AB680, and CB- 708.
These approaches have demonstrated the antitumor effects of CD73 inhibition in preclinical
trials tested in mice [227,228]. CD73 has also been found to contribute to chemoresistance
against doxorubicin carboplatin, gemcitabine, and paclitaxel [229].

3.4. B7-H3 (CD276)

B7-H3 (UniprotKB—Q5ZPR3) antigen, also known as B7 homolog 3, is encoded by
the CD276 gene, with a molecular weight of 45–66 kDa [230]. It is a type I transmembrane
protein that belongs to the B7 ligand family, sharing 30% aa identity with PD-L1. Similar to
PD-L1, it is also considered an immune-checkpoint protein [231].

B7-H3 is composed of an extracellular region (29 to 466 aa), short transmembrane
domain (467 to 487 aa), and final cytoplasmic domain (488 to 534). It has two isoforms:
2IgB7-H3 (In soluble form) and 4IgB7-H3, which are caused by exon duplication [232].

Its primary biological function is the interaction with the CD28 receptor on T cells in
order to co-stimulate deregulation, differentiation, and activation of T cells [232]. Normally,
B7-H3 is expressed at low levels in fibroblasts, progenitor cells, and immune cells [233] to
regulate the immune system and maintain self-tolerance.

Conversely, B7-H3 has been found to be overexpressed in several types of cancer,
including ovarian [234], cervical [235], colorectal [236], breast, lung, brain [237], and neu-
roblastoma [238], associated with promoting tumor growth, metastasis, drug resistance,
and poor survival rates [239–241].

The Memorial Sloan Kettering Cancer Center (MSKCC) has developed a murine
monoclonal antibody that binds B7-H3 in neuroblastoma cells. Although it is still under
review by the FDA an EMA, the FDA has granted it breakthrough therapy designation
due to the lack of approved drugs for the treatment for neuroblastoma or targeting this
emerging antigen [242].

3.5. Interleukin-13 (IL13)

IL-13 (UniprotKb—P35225) is a cytokine belonging to the group of lymphokines. It
has a length of 146 aa and a molecular weight of 15.8 kDa. It is a structural cytokine highly
related to IL-4, and both participate in immune regulation; they have also been found in
pregnancy, fetal development, breast development in infancy, and important higher brain
functions such as learning and memory [243].

Both interleukins regulate various cellular functions and activate the transcriptional
machinery through cell surface receptors [244]. They are essential for the induction and
persistence of the type 2 immune response, and they are associated with multiple atopic
diseases [245]. Overexpression of IL-13 and its receptor IL-13R is correlated with the patho-
genesis and progression of various malignancies [246]. These interleukins are primarily
produced by immune cells, such as CD4 T cells, TH2 cells, basophils, eosinophils, and NKT
cells [244].

IL-13 has three different types of receptors and shares two receptor chains with IL-4,
allowing them to regulate both common and diverse biological functions [247]. The IL-13
receptors include the primary IL-13R (IL-13Rα1/IL-13Rα2) and the secondary receptor (IL-
4Rα/IL-13Rα1), which are expressed in nonhematopoietic cells [247]. The type III receptor
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(IL-4Rα/IL-13Rα1/ γc) is exclusively expressed on the surface of hemocytes, providing a
wide range of complex signaling pathways regulated by IL-13 and IL-4 [247].

In the case of the alpha 2 receptor chain (IL-13Rα2), it interacts not only with interleukin-
13 but also with other proteins, such as chitinase-3-like protein 1. However, it has high
affinity for IL-13 [248].

IL-13R receptors have been found to be produced in various types of cancer, and their
appearance is a result of altered cytokine signaling pathways, induced by the inflammation
produced by cancer cells [249]. Furthermore, it has been observed that IL-13R receptors are
overexpressed in several cell lines of solid human cancer, including pancreatic cancer and
ovarian cancer [250].

IL-13 Rα2, one of the most commonly observed IL-13 receptors in cancer-related cell
lines, has been directly related to metastasis in GC. Its overexpression is associated with
increased invasion of tumor cells into other tissues [251,252], and it is considered a poor
prognosis factor [253]. Another IL-13 receptor that has been observed is IL-13Rα1, which
has been found in patients with colorectal and gallbladder cancer lesions [248].

A recent therapy targeting the overexpression of IL13R is the development of IL13
immunotoxins combined with highly cytotoxic truncated proteins. The aim is to reduce
the amount of IL13R present in cancers [248], despite this form of therapy being highly
cytotoxic to surrounding cells [248]. The most promising approach is the use of specific
monoclonal antibodies against the IL-13R receptor chain to reduce its presence in cancerous
tissues, thereby reducing metastasis and cell proliferation [248,250].

4. Mechanisms of Action of the mAbs Currently Used in the Treatment of Cancer

The functional effect of an mAb in cancer treatment is dependent on the cancer antigen
profile and the specific mechanisms of action of mAb. These mechanisms can include
blocking the ligand or receptor, internalization of the mAb, activation of Fcγ receptors
(FCGR) on innate immune cells, activation of complement, or blocking receptor-mediated
oncogenic signaling. This section provides a brief description of some of these processes, as
observed in antibodies currently approved for the treatment of cancer.

4.1. Blocking Ligand Binding

These mAbs bind to ligands or receptors on the cellular surface, preventing the ligand
from binding to the receptor [254]. However, the mechanism can vary depending on
whether the antibody is conjugated or not.

4.1.1. Nonconjugated mAbs

Antibodies that are not conjugated can exert their function through several mechanisms:

• Steric hindrance: the antibody binds to the antigen receptor or ligand, occupying the
region of interaction. By physically blocking the binding, it prevents the transmission
of signals or the initiation of unwanted biological responses [255].

• Conformational changes: the antibody binds the antigen and induces conformational
changes in the target cell. This alteration in structure prevents efficient interaction
with ligand [255].

• Internalization of the complex: in some cases, once the antibody has bound to the anti-
gen, the antibody–antigen complex undergoes internationalization. The cell captures
the complex through endocytosis, removing the receptor and ligand from contact with
each other. This blocks the signaling or biological activity mediated by them [256].

4.1.2. Conjugated mAbs

Conjugated mAbs are a class of therapies that combine the selective benefits of mAbs
with the ability to transport and release specific therapeutic agents. These therapeutic
agents can include cytotoxic molecules, radioisotopes, drugs, cytotoxic payloads, or even
other therapeutic proteins [256,257]. The working mechanism of mAbs conjugated involves
the following steps: selective mating, internalization, and release of the therapeutic agent.
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Once the conjugated mAb has bound to the specific antigen or receptor on the surface
of the target cell, it can be internalized by the cell through endocytosis. Once inside
the cell, the antibody targets specific intracellular compartments, such as endosomes or
lysosomes [258,259]. Within these compartments, the therapeutic agent bound to mAb is
released. It can occur through various mechanisms, such as enzymatic degradation, pH
changes, or the action of proteases. The release of the therapeutic agent enables its specific
activity within the target cell [257,259].

Action of the Therapeutic Agent

Once released within the cell, the therapeutic agent can exert its specific effect. For
instance, if the therapeutic agent is a cytotoxic molecule, it can induce programmed cell
death (apoptosis) or interfere with vital cellular processes required for cell survival. On the
other hand, if the therapeutic agent is a drug, it can obstruct specific signaling pathways or
disrupt metabolic processes necessary for cell proliferation or survival [258].

4.2. Blocking Signaling Pathway

Furthermore, mAbs can induce the death of tumor cells by blocking the signaling path-
ways associated with growth factor receptors. This can be achieved when the Fab region of
the mAb recognizes the receptors for the growth factors, resulting in the inactivation of sig-
naling pathways or blocking the binding of the ligand [260]. The mAb impedes tumor cell
survival cascades, interfering with cell proliferation, adhesion, and angiogenesis, eluding
programmed cell death, and evading immune checkpoints [261,262]. Tumor signaling can
be perturbed when targeted antibodies disrupt growth signaling pathways by neutralizing
cytokines that are critical to cellular growth and proliferation [263].

While the mechanisms of action (MOAs) for these types of mAbs are similar, the
subsequent effects vary due to a range of intrinsic properties. This properties include the
mAb-binding epitope, affinity, and serum half-life [264]. The mAb can alter dimerization
properties, resulting in different signaling properties depending on whether it is targeting
a homodimer or a heterodimer receptor. Understanding this complexity is crucial as it
has a significant impact on the development and clinical testing of novel therapeutics,
particularly those involving mAb combinations [265].

The majority of FDA-approved mAbs target two members of the ERBB family, HER2
and EGFR. Both EGFR and HER2 are cell surface membrane-spanning Type I receptors,
highly expressed on different solid cancers and capable of triggering a wide range of
oncogenic signaling through homo- and heterodimerization [259,261,266]. Although HER2-
targeted mAbs were initially described as inhibitors of HER2-mediated signaling, multiple
studies have demonstrated that these mAbs also inhibit the downstream PI3K/Akt signal-
ing pathway, resulting in p27 upregulation and inhibition of cellular proliferation [259,267].
Subsequent studies have revealed that HER2 mAbs primarily exert immunologic MOAs
by engaging Fc receptors to activate innate immune effector functions and complement
activity [259,268].

Trastuzumab and pertuzumab are examples of HER2 mAbs. Trastuzumab recognizes
domain 4 of HER2, while pertuzumab binds to domain 2. Pertuzumab specifically prevents
both hetero- and homodimerization of HER2 with EGFR. This blocking of receptor tyrosine
kinase dimerization results in the shutdown of signaling, leading to the inhibition of cell
proliferation, which is a consequence of activated signaling [264].

EGFR is a transmembrane glycoprotein. It is composed of an extracellular ligand-
binding domain and a cytoplasmic domain housing a tyrosine kinase. Cetuximab is the
most studied anti-EGFR agent, which exerts its effects by blocking ligand binding and
receptor dimerization, leading to cell-cycle arrest and apoptosis in tumor cells [263]. On the
other hand, panitumumab acts as an antagonist and induces the internalization of EGFR.
By preventing intracellular processes triggered by EGFR activation (e.g., dimerization,
autophosphorylation, and signal transduction), panitumumab promotes an increase in the
apoptotic rate and reduces the proliferation and angiogenesis of tumor cells [260,269].
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The mAb targets inhibitory immunologic checkpoint signals, thereby enhancing the
antitumoral cellular immune response [265]. Therapeutic mAbs that target coinhibitory re-
ceptor pathways (e.g., CTLA-4 or PD-1/PD-L1) have been shown to limit T-cell exhaustion,
enhance CD8+ T cell antitumor activity, and increase the ratio of effector T cells (Teff) to
regulatory T cells (Treg) within tumors [270].

4.3. Depletion of Target by Fc Interaction

As we know, mAbs can perform their function in multiple ways, particularly in the
treatment of cancer. One of these mechanisms involves the interaction between the Fc
domain of immunoglobulins and Fc receptors (FcRs) present on effector cells [271], such
as natural killer (NK) cells, cytotoxic T cells, dendritic cells, monocytes, neutrophils, and
macrophages. Through this interaction, mAbs can mediate antibody-dependent cellular cy-
totoxicity (ADCC), antibody-dependent phagocytosis (ADP), and complement-dependent
cytotoxicity (CDC) [258,272].

ADCC occurs mainly when the antibody binds to FcRs on NK cells. It initiates multiple
signals that lead to release of lytic compounds from the effector cell, resulting in lysis of the
target cell [271]. ADP take place when antibodies opsonize a cell, facilitating its recognition
and internalization by phagocytic cells such as macrophages, neutrophils, dendritic cells,
and monocytes. Within the phagolysosomes of these cells, the opsonized pathogens or
malignant cells are internalized and degraded [271]. CDC begins when the immunoglobulin
binds to the antigen on the target cell.

Subsequently, the Fc region of the antibody recruits protein such as C1q, C1r, C1s, and
serine proteases, initiating a proteolytic cascade that generates cell death [273,274].

For this reason, immunoglobulins IgG are the most commonly used for treatment of
cancer. There are four subtypes of IgG: IgG1, which is the most abundant in the plasma
and can induce strong ADCC, ADP, and CDC [275]; IgG2, which self-aggregates, becoming
less useful when linked to drugs [276]; IgG3, which is not widely used due to its shorter
half-life (around 7 days) compared to the other subtypes with a half-life of 21 days [277];
IgG4, which is used in some cancer treatments due to its unique dynamism [278].

In Table 1, the antibodies used in the treatment of cancer in the last 5 years are listed
and described.

Table 1. Monoclonal antibodies (mAbs) approved for the use in the actual immunotherapy against
cancer in both the United States (US) and Europe.

mAbs Antigen that
Recognizes Format Cancer for It Was

Approved Mechanism of Action Reference

Dostarlimab PD1 IgG4-humanized Endometrial
Cancer

Produced from a mouse hybridoma that
acts as a PD-1 blocker via steric

impediment with PD-L1 and PD-L2,
thereby normalizing the immune

response.

[279]

Cemiplimab PD1 IgG4-humanized
Cutaneous

squamous cell
carcinoma

This mAb binds to PD1 on T-cells,
blocking the interaction with PDL-1 and

PDL-2 ligands and activating the
immune response.

[280]

Durvalumab PD-L1 IgG1-human Bladder cancer This is a human mAb with high affinity
by PD-L1 and CD80. [281]

Avelumab PD-L1 IgG1-human Merkel cell
carcinoma

Regulates cytotoxicity mediated by
antibody-dependent cells, due to the

fact that it presents a native Fc region.
[282,283]

Atezolizumab PD-L1 IgG1-humanized Bladder cancer
Inhibits the interaction between PD-1

and B7.1, restoring the antitumor
function of T cells.

[284]

Retifanlimab PD-L1 IgG4-humanized Merkel cell
carcinoma

Blocks PD-1 interaction with its PD-L1
and PD-L2 ligands. [30]
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Table 1. Cont.

mAbs Antigen that
Recognizes Format Cancer for It Was

Approved Mechanism of Action Reference

Mosunetuzumab CD20-CD3 IgG1-humanized
bispecific

Follicular
lymphoma

Simultaneously binds to CD20 on
malignant B cells and CD3 on T cells,
causing T-cell activation and B-cell

elimination.

[39,285]

Epcoritamab CD20-CD3 IgG1-humanized
bispecific

Diffuse large B-cell
lymphoma

Induces T cells to kill CD20+ tumor cells
through a unique mechanism of action

(MOA).
[40,286]

Margetuximab HER2 IgG1-chimeric HER2+ breast
cancer

Designed against HER2 to decrease
binding to the inhibitory receptor Fcγ
IIB (CD32B) and to increase binding to

the receptor Fcγ activation IIA (CD16A).

[287]

Fam-Trastuzumab
Deruxtecan HER2

IgG1-humanized
antibody–drug

conjugate

HER2+ breast
cancer

Designed against HER2 and conjugated
to a cytotoxic topoisomerase 1 inhibitor [80,288]

Loncastuximab
Tesirine CD19

IgG1-humanized
antibody–drug

conjugate

Diffuse large B-cell
lymphoma

Designed to target CD19 and conjugated
to a pyrrolobenzodiazepine

DNA-alkylating warhead. It produces
DNA interstrand crosslinks with high
efficiency, leading to triggering of cell

death.

[289,290]

Tafasitamab CD19 IgG1-humanized Diffuse large B-cell
lymphoma

Produces antibody-dependent cellular
cytotoxicity and antibody-dependent

cell-mediated phagocytosis.
[291,292]

Naxitamab GD2 IgG1-humanized Neuroblastoma
Induces complement-dependent and
cell-mediated antibody-dependent

cytotoxicity
[293]

Teclistamab BCMA-CD3 IgG4-humanized
bispecific Multiple myeloma

Redirects CD3-positive cells to
BCMA-expressing tumor cells, inducing

cytotoxicity and apoptosis.
[294]

Belantamab
mafodotin BCMA

IgG1-humanized
antibody–drug

conjugate
Multiple myeloma

Composed of an antibody that targets
B-cell maturation antigen (BCMA),

conjugated to the microtubule inhibitor
monomethyl auristatin F (MMAF). The

other part of the antibody binds to
BCMA on the surface of the tumor cell,

delivering the cytotoxic microtubule
inhibitor MMAF to the therapeutic

target.

[295]

Sacituzumab
govitecan TROP-2

IgG1-humanized
antibody–drug

conjugate

Triple-negative
breast cancer

This mAb acts against TROP-2
conjugate with the active metabolite of

irinotecan and topoisomerase 1
inhibitor.

[296,297]

Isatuximab CD38 IgG1-chimeric Multiple myeloma

By binding to CD38, this mAb causes
apoptosis via multiple mechanisms such

as antibody-dependent cellular
phagocytosis, complement-dependent
cytotoxicity, and effects that depend on

the Fc region.

[298–300]

Enfortumab
vedotin Nectin-4

IgG1-human
antibody–drug

conjugate
Urothelial cancer

Works by releasing monomethyl
auristatin E (MMAE) into cells that
express nectin-4, causing apoptosis.

[301]

Polatuzumab
vedotin CD79b

IgG1-humanized
antibody–drug

conjugate

Diffuse large B-cell
lymphoma

Works by binding to CD79b upon
entering the cell, releasing MMAE,

inhibiting cell division, and inducing
apoptosis.

[124]

Moxetumomab
pasudotox CD22 IgG1-murine dsFv Hairy cell leukemia

This mAb is conjugated with a toxic
fragment of A exotoxin from Pseudomonas
aeruginosa, which is internalized, resulting

in apoptotic cell death.

[137,302]
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Table 1. Cont.

mAbs Antigen that
Recognizes Format Cancer for It Was

Approved Mechanism of Action Reference

Inotuzumab
ozogamicin CD22

IgG4-humanized
antibody–drug

conjugate

Hematological
malignancy

By binding to CD22, the cytotoxic
derivative of calicheamicin enters the

cell, causing apoptosis.
[303]

Mogamulizumab CCR4 IgG1-humanized Cutaneous T-cell
lymphoma

Has a defucosylated Fc region that
enhances its antibody-dependent

cellular cytotoxicity.
[304,305]

Olaratumab PDGRFα IgG1-human Soft-tissue sarcoma Blocks PDGF ligand biding and inhibits
PDGFRα. [306]

Elotuzumab SLAMF7 IgG1-humanized Multiple myeloma
Induces antibody-dependent cellular

cytotoxicity and the activation of natural
killer cells.

[307]

Tisotumab vedotin CD142
IgG1-human

antibody–drug
conjugate

Cervical cancer

This is a human mAb conjugated with
an antimitotic monomethyl auristatin E,
which inhibits cell division by blocking

polymerization of tubulin.

[183]

Tremelimumab CTLA-4 IgG2A-human Liver cancer Blocks the union of B7-1 and B7-2 to
CTLA4. [308,309]

5. Perspectives

It is evident that the emergence of immunotherapy has significantly improved the
prognosis and life expectancy of patients with various diseases, particularly cancers. Im-
munotherapeutic strategies encompass cancer vaccines, oncolytic viruses, adoptive transfer
of ex vivo activated T and natural killer cells, and administration of recombinant proteins
and primarily mAbs that either co-stimulate cells or block checkpoint pathways [310].
Despite the benefits of mAbs in cancer treatment, accessibility remains an issue in underde-
veloped countries and even in developed ones due to the high cost.

For instance, the humanized mAb dostarlimab (Jemperli), which targets the PD-1
receptor, shows promise in treating colon cancer, eradicating all tumor cells within 6
months of treatment in a small yet promising clinical trial involving colorectal cancer
patients. The treatment involves one dose every 3 weeks for 6 months [311]. However,
each dose costs just over 11,000 USD, making the total treatment cost around 88,000 USD.
Consequently, strategies that enable more affordable production of therapeutic antibodies
are crucial. The widespread implementation of directed evolution techniques, such as
phage display, can help reduce production costs and facilitate the production of fully
human antibodies. However, to effectively apply this technology, it is essential to identify
and validate the different overexpressed antigens as cancer biomarkers, determining their
biological functions, topology, and the extracellular regions or the most exposed areas
susceptible to antibody recognition, as proposed in this study. Subsequently, a panel of these
extracellular regions or areas that are prone to antibody recognition can be recombinantly
produced. These antigens can be used for the selection and isolation of full human variable
domains of mAb from recombinant naïve [312], synthetic [313], or immune [314] libraries,
which contain the repertoire of human V genes. These libraries can be expanded utilizing
display systems, such as yeast [315], ribosome [316], cDNA [317], and phage display [318].
Finally, the recovered sequence, that belongs to the most optimal monoclonal antibody
can be cloned into the commercial plasmid that contains the desired Fc fragment. This
cloned antibody can then undergo subsequent recombinant production, characterization,
and validation.

In conclusion, this study provided a comprehensive description of significant cancer
biomarkers and mechanisms of action of antibodies currently utilized in therapy. It of-
fered an overview aimed at guiding future research toward potential approaches for the
development of more accessible antibodies applied in immunotherapy, as well as various
biotechnological applications.
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Avelumab Maintenance Therapy for Advanced or Metastatic Urothelial Carcinoma. N. Engl. J. Med. 2020, 383, 1218–1230.
[CrossRef]

283. Collins, J.; Gulley, J. Product Review: Avelumab, an Anti-PD-L1 Antibody. Hum. Vaccines Immunother. 2019, 15, 891–908.
[CrossRef] [PubMed]

284. Markham, A. Atezolizumab: First Global Approval. Drugs 2016, 76, 1227–1232. [CrossRef]
285. Hosseini, I.; Gadkar, K.; Stefanich, E.; Li, C.; Sun, L.; Chu, Y.; Ramanujan, S. Mitigating the Risk of Cytokine Release Syndrome in

a Phase I Trial of CD20/CD3 Bispecific Antibody Mosunetuzumab in NHL: Impact of Translational System Modeling. NPJ Syst.
Biol. Appl. 2020, 6, 28. [CrossRef] [PubMed]

286. Sehn, L.; Duell, J.; Avivi, I.; Brody, J.; Yoon, D.; Elliot, B.; Siddani, S.; Bai, Y.; Parikh, A.; Seliem, M.; et al. Subcutaneous
Epcoritamab in Novel Combinations with Antineoplastic Agents Among Patients with B-Cell Non-Hodgkin Lymphoma in a
Phase 1b/2, Multicenter, Open-Label Study: Assessing Safety, Tolerability, and Preliminary Efficacy (EPCORE NHL-5). Blood
2022, 140 (Suppl. 1), 12108–12109. [CrossRef]

287. Markham, A. Margetuximab: First Approval. Drugs 2021, 81, 599–604. [CrossRef]
288. Keam, S. Trastuzumab Deruxtecan: First Approval. Drugs 2020, 80, 501–508. [CrossRef]
289. Lee, A. Loncastuximab Tesirine: First Approval. Drugs 2021, 81, 1229–1233. [CrossRef]
290. Hartley, J.A.; Flynn, M.J.; Bingham, J.P.; Corbett, S.; Reinert, H.; Tiberghien, A.; Masterson, L.A.; Antonow, D.; Adams, L.;

Chowdhury, S.; et al. Pre-Clinical Pharmacology and Mechanism of Action of SG3199, the Pyrrolobenzodiazepine (PBD) Dimer
Warhead Component of Antibody-Drug Conjugate (ADC) Payload Tesirine. Sci. Rep. 2018, 8, 10479. [CrossRef]

291. Hoy, S.M. Tafasitamab: First Approval. Drugs 2020, 80, 1731–1737. [CrossRef]
292. Salles, G.; Długosz-Danecka, M.; Ghesquières, H.; Jurczak, W. Tafasitamab for the Treatment of Relapsed or Refractory Diffuse

Large B-Cell Lymphoma. Expert Opin. Biol. Ther. 2021, 21, 455–463. [CrossRef]
293. Markham, A. Naxitamab: First Approval. Drugs 2021, 81, 291–296. [CrossRef]

https://doi.org/10.1016/j.molimm.2015.04.002
https://www.ncbi.nlm.nih.gov/pubmed/25911943
https://doi.org/10.1007/s12026-007-0073-4
https://www.ncbi.nlm.nih.gov/pubmed/17917071
https://doi.org/10.3390/cells10030659
https://doi.org/10.1186/s12967-021-02842-1
https://doi.org/10.1038/s41523-020-0153-3
https://doi.org/10.1038/s12276-022-00864-3
https://doi.org/10.1186/s13045-018-0578-4
https://doi.org/10.1097/QAD.0000000000002011
https://doi.org/10.3389/fimmu.2019.00332
https://doi.org/10.1073/pnas.1616998114
https://doi.org/10.3389/fimmu.2019.00752
https://doi.org/10.2147/DDDT.S4378
https://doi.org/10.1021/acs.biochem.8b00575
https://doi.org/10.1038/ncomms1608
https://doi.org/10.1074/jbc.M113.480483
https://doi.org/10.1007/s40265-021-01539-5
https://doi.org/10.1007/s40265-018-1012-5
https://doi.org/10.1056/NEJMoa1709937
https://doi.org/10.1056/NEJMoa2002788
https://doi.org/10.1080/21645515.2018.1551671
https://www.ncbi.nlm.nih.gov/pubmed/30481100
https://doi.org/10.1007/s40265-016-0618-8
https://doi.org/10.1038/s41540-020-00145-7
https://www.ncbi.nlm.nih.gov/pubmed/32859946
https://doi.org/10.1182/blood-2022-157596
https://doi.org/10.1007/s40265-021-01485-2
https://doi.org/10.1007/s40265-020-01281-4
https://doi.org/10.1007/s40265-021-01550-w
https://doi.org/10.1038/s41598-018-28533-4
https://doi.org/10.1007/s40265-020-01405-w
https://doi.org/10.1080/14712598.2021.1884677
https://doi.org/10.1007/s40265-021-01467-4


Biomedicines 2023, 11, 2086 30 of 30

294. Kang, C. Teclistamab: First Approval. Drugs 2022, 82, 1613–1619. [CrossRef]
295. Markham, A. Belantamab Mafodotin: First Approval. Drugs 2020, 80, 1607–1613. [CrossRef]
296. Syed, Y.Y. Sacituzumab Govitecan: First Approval. Drugs 2020, 80, 1019–1025. [CrossRef]
297. Bardia, A.; Hurvitz, S.A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Brufsky, A.; Sardesai, S.D.; Kalinsky, K.;

Zelnak, A.B.; et al. Sacituzumab Govitecan in Metastatic Triple-Negative Breast Cancer. N. Engl. J. Med. 2021, 384, 1529–1541.
[CrossRef]

298. Dhillon, S. Isatuximab: First Approval. Drugs 2020, 80, 905–912. [CrossRef]
299. Feng, X.; Zhang, L.; Acharya, C.; An, G.; Wen, K.; Qiu, L.; Munshi, N.; Tai, Y.; Anderson, K. Targeting CD38 Suppresses Induction

and Function of T Regulatory Cells to Mitigate Immunosuppression in Multiple Myeloma. Clin. Cancer Res. 2017, 23, 4290–4300.
[CrossRef]

300. Shen, F.; Shen, W. Isatuximab in the Treatment of Multiple Myeloma: A Review and Comparison With Daratumumab. Technol.
Cancer Res. Treat. 2022, 21, 15330338221106563. [CrossRef]

301. Alt, M.; Stecca, C.; Tobin, S.; Jiang, D.M.; Sridhar, S.S. Enfortumab Vedotin in Urothelial Cancer. Ther. Adv. Urol. 2020, 12,
175628722098019. [CrossRef]

302. Internet. LiverTox: Clinical and Research Information on Drug-Induced Liver Injury; Internet, 2019.
303. Lamb, Y.N. Inotuzumab Ozogamicin: First Global Approval. Drugs 2017, 77, 1603–1610. [CrossRef]
304. Subramaniam, J.M.; Whiteside, G.; McKeage, K.; Croxtall, J.C. Mogamulizumab. Drugs 2012, 72, 1293–1298. [CrossRef]
305. Duvic, M.; Evans, M.; Wang, C. Mogamulizumab for the Treatment of Cutaneous T-Cell Lymphoma: Recent Advances and

Clinical Potential. Ther. Adv. Hematol. 2016, 7, 171–174. [CrossRef] [PubMed]
306. Shirley, M. Olaratumab: First Global Approval. Drugs 2017, 77, 107–112. [CrossRef] [PubMed]
307. Markham, A. Elotuzumab: First Global Approval. Drugs 2016, 76, 397–403. [CrossRef] [PubMed]
308. Llovet, J.M.; Castet, F.; Heikenwalder, M.; Maini, M.K.; Mazzaferro, V.; Pinato, D.J.; Pikarsky, E.; Zhu, A.X.; Finn, R.S. Immunother-

apies for Hepatocellular Carcinoma. Nat. Rev. Clin. Oncol. 2022, 19, 151–172. [CrossRef] [PubMed]
309. Keam, S. Tremelimumab: First Approval. Drugs 2023, 83, 93–102. Available online: https://link.springer.com/article/10.1007/s4

0265-022-01827-8 (accessed on 13 July 2023). [CrossRef]
310. Farkona, S.; Diamandis, E.P.; Blasutig, I.M. Cancer Immunotherapy: The Beginning of the End of Cancer? BMC Med. 2016, 14, 73.

[CrossRef]
311. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.;

Sugarman, R.; et al. PD-1 Blockade in Mismatch Repair–Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386,
2363–2376. [CrossRef]

312. Pasello, M.; Mallano, A.; Flego, M.; Zamboni, S.; Giudice, A.; Scotlandi, K. Construction of Human Naive Antibody Gene
Liraries. In Antibody Engineering; Nevoltris, D., Patrick, C., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 73–91.
ISBN 978-1-4939-8648-4.

313. Caucheteur, D.; Robin, G.; Parez, V.; Martineau, P. Construction of Synthetic Antibody Libraries. In Antibody Engineering; Nevoltris,
D., Chames, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 93–108.

314. Kugler, J.; Tomszak, F.; Frenzel, A.; Hust, M. Construction of Human Immune and Naive ScFv Libraries. In Phage Dis-
play Methods and Protocols; Hust, M., Lim, T.S., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; Volume 1701, pp. 3–24.
ISBN 978-1-4939-7446-7.

315. Scholler, N. Selection of Antibody Fragments by Yeast Display. In Antibody Engineering Methods and Protocols; Nevoltris, D.,
Chames, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 211–233.

316. Dreier, B.; Pluckthun, A. Rapid Selection of High-Affinity Antibody ScFv Fragments Using Ribosome Display. In Antibody
Engineering; Nevoltris, D., Chames, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 235–268.

317. Nemoto, N.; Kumachi, S.; Arai, H. In Vitro Selection of Single-Domain Antibody (VHH) Using CDNA Display. In Antibody
Engineering Methods and Protocols; Nevoltris, D., Chames, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 269–285.

318. Smith, G.P. Phage Display: Simple Evolution in a Petri Dish (Nobel Lecture). Angew. Chem.-Int. Ed. 2019, 58, 14428–14437.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s40265-022-01793-1
https://doi.org/10.1007/s40265-020-01404-x
https://doi.org/10.1007/s40265-020-01337-5
https://doi.org/10.1056/NEJMoa2028485
https://doi.org/10.1007/s40265-020-01311-1
https://doi.org/10.1158/1078-0432.CCR-16-3192
https://doi.org/10.1177/15330338221106563
https://doi.org/10.1177/1756287220980192
https://doi.org/10.1007/s40265-017-0802-5
https://doi.org/10.2165/11631090-000000000-00000
https://doi.org/10.1177/2040620716636541
https://www.ncbi.nlm.nih.gov/pubmed/27247757
https://doi.org/10.1007/s40265-016-0680-2
https://www.ncbi.nlm.nih.gov/pubmed/27995580
https://doi.org/10.1007/s40265-016-0540-0
https://www.ncbi.nlm.nih.gov/pubmed/26809244
https://doi.org/10.1038/s41571-021-00573-2
https://www.ncbi.nlm.nih.gov/pubmed/34764464
https://link.springer.com/article/10.1007/s40265-022-01827-8
https://link.springer.com/article/10.1007/s40265-022-01827-8
https://doi.org/10.1007/s40265-022-01827-8
https://doi.org/10.1186/s12916-016-0623-5
https://doi.org/10.1056/NEJMoa2201445
https://doi.org/10.1002/anie.201908308

	Introduction 
	Current Immunotherapeutic Targets for Cancer Treatment 
	Programmed Cell Death Protein 1 (PD1)/Programmed Cell Death Ligand 1 (PD-L1) Axis 
	B-Lymphocyte Antigen CD20 (CD20) 
	Human Epidermal Growth Factor Receptor 2 (Receptor Tyrosine Kinase) (HER2) 
	B-Lymphocyte Antigen CD19 (CD19) 
	Disialoganglioside GD2 (GD2) 
	B-Cell Maturation Antigen (BCMA or CD269) 
	Trophoblast Cell-Surface Antigen 2 (TROP-2) 
	Adp-Ribosyl Cyclase/Cyclic Adp-Ribose Hydrolase 1 (CD38) 
	Nectin-4 or Poliovirus Receptor-like 4 (PVRL4) 
	Cd79b (ADC) Diffuse Large B-Cell Lymphoma 
	CD22 
	CC Chemokine Receptor Type 4 (CCR4) 
	PDGRF 
	SLAMF7 (CD319) 
	Tissue Factor/CD142 
	CTLA-4 

	Emerging Immunotherapeutic Targets for Cancer Treatment 
	COL11A1 
	Claundin 18 
	CD73 
	B7-H3 (CD276) 
	Interleukin-13 (IL13) 

	Mechanisms of Action of the mAbs Currently Used in the Treatment of Cancer 
	Blocking Ligand Binding 
	Nonconjugated mAbs 
	Conjugated mAbs 

	Blocking Signaling Pathway 
	Depletion of Target by Fc Interaction 

	Perspectives 
	References

