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Preface

Immunology science has made prominent progress in recent years, helping in all
medical fields from diagnosis to treatment. Nowadays, immunotherapy procedures
are used in the treatment of a variety of autoimmune diseases, cancers, and organ
transplants. It has also paved the way for medical researchers toward a promising
future in the treatment of immunological disorders. Immune-based therapies are
widely explored in several immunological disorders due to their high specificity and
sensitivity. Since the approval of the first monoclonal antibody (mAb) in 1986, mAbs
have been used as a novel way of targeting antigens in these disorders. Currently,
mAbs are an important group of therapeutic molecules in clinical trials for treating
disorders such as inflammatory and autoimmune diseases, malignancies, and
cardiovascular and infectious diseases.

This book provides knowledge about several types of mAbs and their application
in the clinic and laboratory. The introduction describes mAbs, their structure, and
their production process. Subsequent chapters cover more information about the
therapeutic application of mAbs, especially in urology and oncology and for multiple
myeloma. Furthermore, the book discusses the production and characterization
of mAbs. In this regard, chapters examine alternative methods to animal use for
generating mAbs as well as novel analytical and in silico techniques for characterizing
them. These methods can provide comprehensive information about technologies
associated with mAb production.

The book describes and discusses immunology concepts and mechanisms related 
to the function of mAbs in a clear and simple way, making the information herein
useful for scientists and clinicians in various fields.

Nima Rezaei, MD, Ph.D.
Research Center for Immunodeficiencies,

Children’s Medical Center,
Tehran University of Medical Sciences,

Tehran, Iran

Network of Immunity in Infection,
Malignancy and Autoimmunity (NIIMA),

Universal Scientific Education and Research Network (USERN),
Tehran, Iran
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Chapter 1

Introduction on Monoclonal 
Antibodies
Mona Sadeghalvad and Nima Rezaei

Abstract

Monoclonal antibodies (mAbs) are a group of antibodies produced by identical 
clones of B lymphocytes against a particular antigen. mAbs are identical in several 
properties such as protein sequence, antigen-binding site region, binding affinity 
for their targets, and identical downstream functional effects. These characteristics 
of mAbs highlight their differences with the polyclonal antibodies which have het-
erogenous activities and recognize different epitopes on an antigen. Murine mAbs 
was the first generation of mAbs developed by hybridoma technology however, 
because of their murine origin, they can trigger the anti-mouse antibody response 
in the host which could accelerate mAb clearance and undesirable allergic reactions 
upon repeated administration. This issue was resolved by developing engineering 
methods toward producing less immunologic chimeric or humanized antibod-
ies. mAbs applications have become a novel way of targeting antigens in a wide 
variety of diseases such as autoimmunity, malignancies, and asthma. In addition, 
high specificity and high affinity binding properties of mAbs make them effective 
biological reagents in immunodiagnostic assays. They can be used in diagnosis of 
infectious diseases and detection of certain antigens or in serological assessments 
for detection of antibodies against a certain antigen. This chapter summarizes 
the general properties of mAbs, their production processes, and their important 
diagnostic and therapeutic applications.

Keywords: monoclonal antibodies, mAb, chimeric mAb, humanized mAb,  
fully humanized mAb

1. Introduction

Antibodies or immunoglobulins (Ig) are glycoproteins produced by differenti-
ated B lymphocytes named “plasma cells” in response to exposure to antigens. The 
diversity of antibody responses to different antigens is because of the gene recom-
bination process in the hyper-variable regions of antibodies. During the recombi-
nation process in their genes, antibodies undergo gene rearrangement that allows 
them for diverse binding [1]. High specificity and diversity of antibodies have 
made them popular molecules with very high efficiencies in several therapeutic or 
diagnostic applications.

Monoclonal antibodies (mAbs) are a group of antibodies produced by identi-
cal clones of B lymphocytes against a particular antigen. Monoclonal antibodies 
are identical in several properties such as protein sequence, antigen-binding 
site region, binding affinity for their targets, and identical downstream func-
tional effects. These characteristics of mAbs highlight their differences with the 
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Type of 
mAb

Description Structure

Murine mAb Murine mAbs was the first 
generation of monoclonal antibodies 
developed by hybridoma technology. 
They have no human components 
in their structure and could result 
in producing the human anti-mouse 
antibodies (HAMAs).
Suffix: -Omab
e.g.: Abagovomab (anti CA-125 in 
ovarian cancer)

Chimeric 
mAb

In chimeric mAb, constant regions 
are humanized but variable regions 
in both heavy and light chains 
remain murine
Suffix: -Ximab
e.g.: Rituximab, Infliximab

Humanized 
mAb

Hyper variable regions are murine
Suffix: -Zumab
e.g.: Natalizumab, Gemtuzumab

Fully human 
mAb

100% human
Suffix: -Umab
e.g.: Ibritumab, Ofatumumab

Table 1. 
Different types of monoclonal antibodies. Murine mAbs were the first generation of mAbs with higher 
immunogenicity in humans. Gene engineering methods provide the less immunogenic mAbs by replacing 
human components in mAb structure. mAb: Monoclonal antibody.
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polyclonal antibodies which have heterogenous activities and recognize different 
epitopes on an antigen.

Using mAbs has become a novel way of targeting antigens in a wide variety 
of diseases and conditions since the first mAb was approved in 1986. Orthoclone 
OKT3® (muromonab-CD3) was the first mAb approved by the Food and Drug 
Administration (FDA). OKT3 was produced based on murine hybridoma technology 
by Kohler and Milston for the treatment of acute transplant rejection [2]. Currently, 
mAbs are the important group of therapeutic molecules in clinical trials for treating 
different disorders such as inflammatory and autoimmune diseases (e.g. rheumatoid 
arthritis, systemic lupus erythematosus, psoriasis, inflammatory bowel diseases), 
malignancies (e.g. leukemia, melanoma, breast cancer, and multiple myeloma), 
cardiovascular, and infectious diseases [3].

Murine mAbs was the first generation of monoclonal antibodies developed 
by hybridoma technology. They have no human components in their structure 
and could result in producing human anti-mouse antibodies (HAMAs). HAMA 
response caused hypersensitivity reactions (e.g. anaphylaxis and serum sickness) 
in the recipients, resulting in fast clearance of antibodies or reducing their effec-
tiveness [4]. Genetic engineering approaches and using transgenic animals were 
developed to overcome these troubles; So that a transformed cell line could produce 
the altered antibody structurally closer to human antibodies. These modified 
antibodies are known as chimeric mAbs because their constant region is human 
while their variable region is murine (Table 1). This technology was developed for 
the first time in 1980s by scientists in Cambridge, UK. After that, humanized and 
fully human mAbs were developed to reduce mAb immunogenicity and their side 
effects. Humanized antibodies have human light and heavy chains but hypervari-
able regions are still murine while fully human antibodies are totally humanized. 
However, they are still immunogens and may have important adverse effects 
caused by production of antidrug antibodies (ADAs) [5]. This chapter summarizes 
the general properties of mAbs, their production processes, and their important 
applications, including therapeutic and diagnostic uses.

2.  Antibody structure and functions: immunoglobulin G as the 
therapeutic mAb

An antibody molecule has a Y-shaped structure with a total molecular weight of 
~150 kDa, composed of four polypeptide chains including two identical heavy (H) 
and two light (L) chains (Figure 1). Covalent bonds (mainly disulfide interactions) 
provide the stability of heavy and light chains next to each other. Each heavy or light 
chain is composed of constant (CH and CL, respectively) and variable domains 
(VH and VL, respectively) [4].

Each antibody has two identical arms known as “antigen binding fragments” or 
Fabs, acting as antigen-binding sites. Each Fab consists of a variable region known 
as Fv (formed by the VH and VL domains), and the constant region (formed by 
the CH and CL domains). Fv is a highly variable region and responsible for specific 
binding of antibody to the antigen, contributing to direct effects of antibody such 
as inhibiting or neutralizing the antigen. There are three hyper variable regions 
known as complementarity determining regions or CDR1, CDR2, and CDR3 in the 
variable regions of light and heavy chains, allowing diverse antigenic specificities 
to be recognized [4]. The Y structure’s stem, known as the “fragment crystallizable 
region” or Fc, is a constant region of the antibody molecule. The Fc region deter-
mines the class of the antibody and its functional properties. There are five classes 
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of antibodies including immunoglobulin G (IgG), IgM, IgD, IgE, and IgA with 
distinct effector mechanisms for recognition and elimination of the antigens. In 
addition, the Fc region can interact with a variety of receptors such as Fc receptors 
or FcRs (expressed on the immune cells) and the components of the complement 
system (such as C1q). Fc recognition by the immune system components results 
in initiating the effector functions of antibodies such as antibody-dependent cell 
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and 
complement-dependent cytotoxicity (CDC) (Figure 2) [4].

Therefore, several functions are explained by which antibodies can elimi-
nate a particular antigen and both variable and constant regions of antibodies 
contribute to this response. The stability and flexibility of antibodies and their 
effector functions such as activating ADCC, CDC, as well as interaction with C1q 
are important factors determining the suitability of immunoglobulins for the 
development of therapeutic mAbs. The majority of the clinically available mAbs 
are IgG. IgG is a glycoprotein with a size of 150 kDa consisting of two heavy and 
two light chains as described before. A conserved glycosylation site is present at 
amino acid Arginine297 (N297) in the CH2 domain, playing an important role in 
the structural conformation of the Fc and its binding to FcRs and complement 
component C1q [6].

Totally, IgG consists of four subclasses of IgG1, IgG2, IgG3 and IgG4 which 
differ in their heavy constant region (CH), as well as the hinge structure (the region 
where Fabs are bound to the Fc region). The difference between hinge regions con-
fers many of the unique characteristics to each IgG subclass, including flexibility, 
stability and distances between the two Fabs. In addition, the amino acid differ-
ences between the binding sites of each subclass could explain the differences in the 

Figure 1. 
The schematic structure of an antibody. An antibody molecule is composed of four polypeptide chains including 
two identical heavy (H) and two light (L) chains. Each heavy or light chain is composed of constant (CH and 
CL, respectively) and variable domains (VH and VL, respectively). Variable domains form the antigen binding 
site. CDR: complementarity determining regions; S-S: disulfide bond; C: constant; V: variable.
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effector functions of the IgG subclasses. These variations between IgG subclasses 
correlate with their selection for therapeutic purposes. Of the IgG subclasses, IgG3 
has a longer hinge region compared with other subclasses, making them inappropri-
ate for target binding. On the other hand, IgG3 cannot be purified with protein A 
and also has the shortest half-life (approximately 7 days) and high allotypic poly-
morphism compared with other subclasses. So, engineering techniques are required 
for modifications to the amino acid content of the IgG3 hinge region for develop-
ment of therapeutics purposes. Meanwhile, most of the mAb therapeutics on the 
market are composed of IgG1, IgG2 or IgG4 with slow clearance and long half-life 
properties [6, 7].

IgG1 has high stability and exhibits potent effector functions including ADCC, 
CDC, and C1q binding being the majority of therapeutic mAbs. IgG1 has the higher 
affinity for the FcRs compared with the other subclasses (the affinity for Fc receptor: 
IgG1 > IgG3 > IgG4 > IgG2 respectively) [6].

IgG2 has low affinity for interaction with antigen and also exhibits reduced 
functional activity compared to IgG1. IgG2 antibodies have three isoforms (known 
as IgG2-A, IgG2-A/B, and IgG2-B) based on types of disulfide bonds between the 
antibody chains. These isoforms could be converted to each other. This phenom-
enon, which is referred to disulfide shuffling, could regulate the activity of IgG2 in 
the serum [8, 9].

IgG4 has a low affinity for C1q and therefore, this subclass of IgG could emerge 
as a therapeutic mAb when the host effector function is not desirable. In addition, 
the exchange of Fab arm is a normal biological process that can occur in IgG4 and 
is not desirable due to its adverse effects. Natalizumab (Tysabri) and gemtuzumab 
ozogamicin (Mylotarg) are the examples of therapeutic IgG4 for multiple sclerosis 
(MS) and acute myeloid leukemia (AML), respectively [6].

3. The production process of monoclonal antibodies

In the following section we described two techniques, including hybridoma and 
phage display used for the production of mAbs.

Figure 2. 
Two important effector functions of antibody. ADCC is an extracellular killing mechanism leading to antigen 
elimination. IgG has a bifunctional structure related to the fragment antigen-binding (fab) and fc portions of 
antibody. ADCC is initiated by the engagement of fab with the antigen from one side, and fc interaction with 
FcγR on effector cells, from another site. Subsequently, degranulation of effector cells (mainly NK cells) leads 
to target cell lysis. NK: natural killer cell; MQ: macrophage; Eos: eosinophil; ADCC: antibody-dependent cell 
cytotoxicity.
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Figure 1. 
The schematic structure of an antibody. An antibody molecule is composed of four polypeptide chains including 
two identical heavy (H) and two light (L) chains. Each heavy or light chain is composed of constant (CH and 
CL, respectively) and variable domains (VH and VL, respectively). Variable domains form the antigen binding 
site. CDR: complementarity determining regions; S-S: disulfide bond; C: constant; V: variable.
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effector functions of the IgG subclasses. These variations between IgG subclasses 
correlate with their selection for therapeutic purposes. Of the IgG subclasses, IgG3 
has a longer hinge region compared with other subclasses, making them inappropri-
ate for target binding. On the other hand, IgG3 cannot be purified with protein A 
and also has the shortest half-life (approximately 7 days) and high allotypic poly-
morphism compared with other subclasses. So, engineering techniques are required 
for modifications to the amino acid content of the IgG3 hinge region for develop-
ment of therapeutics purposes. Meanwhile, most of the mAb therapeutics on the 
market are composed of IgG1, IgG2 or IgG4 with slow clearance and long half-life 
properties [6, 7].

IgG1 has high stability and exhibits potent effector functions including ADCC, 
CDC, and C1q binding being the majority of therapeutic mAbs. IgG1 has the higher 
affinity for the FcRs compared with the other subclasses (the affinity for Fc receptor: 
IgG1 > IgG3 > IgG4 > IgG2 respectively) [6].

IgG2 has low affinity for interaction with antigen and also exhibits reduced 
functional activity compared to IgG1. IgG2 antibodies have three isoforms (known 
as IgG2-A, IgG2-A/B, and IgG2-B) based on types of disulfide bonds between the 
antibody chains. These isoforms could be converted to each other. This phenom-
enon, which is referred to disulfide shuffling, could regulate the activity of IgG2 in 
the serum [8, 9].

IgG4 has a low affinity for C1q and therefore, this subclass of IgG could emerge 
as a therapeutic mAb when the host effector function is not desirable. In addition, 
the exchange of Fab arm is a normal biological process that can occur in IgG4 and 
is not desirable due to its adverse effects. Natalizumab (Tysabri) and gemtuzumab 
ozogamicin (Mylotarg) are the examples of therapeutic IgG4 for multiple sclerosis 
(MS) and acute myeloid leukemia (AML), respectively [6].

3. The production process of monoclonal antibodies

In the following section we described two techniques, including hybridoma and 
phage display used for the production of mAbs.

Figure 2. 
Two important effector functions of antibody. ADCC is an extracellular killing mechanism leading to antigen 
elimination. IgG has a bifunctional structure related to the fragment antigen-binding (fab) and fc portions of 
antibody. ADCC is initiated by the engagement of fab with the antigen from one side, and fc interaction with 
FcγR on effector cells, from another site. Subsequently, degranulation of effector cells (mainly NK cells) leads 
to target cell lysis. NK: natural killer cell; MQ: macrophage; Eos: eosinophil; ADCC: antibody-dependent cell 
cytotoxicity.
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3.1 Hybridoma technique

Monoclonal antibodies are generated from a single B lymphocyte clone and bind 
to the same epitope of an antigen. The hybridoma technique was first used in 1975 
to generate mAbs by Milstein and Köhler. Several steps are involved in this method. 
First, mice are immunized with specific antigens emulsified with appropriate 
adjuvant. The booster injection is normally done after two weeks and the animal 
is then sacrificed when enough amount of antibody is produced. Blood collection 
is performed to assay the sufficient amount of the antibody production using 
techniques including ELISA and flow cytometry. After sacrificing, the spleen is 
isolated and then tissue digestion could be applied with an enzymatic or mechanical 
method leading to release of B cells. B cells could be extracted using density gradi-
ent centrifugation [8].

The next step is making a fusion between B lymphocytes and myeloma cells 
(that are immortal like cancer cells). Prior to fusion, myeloma cells should be pre-
pared by culturing with 8 – azaguanine, making them sensitive to hypoxanthine-
aminopterin-thymidin (HAT) medium. The fusion process is carried through using 
polyethylene glycol (PEG), resulting in cell membrane fusing. After the fusing 
process, there will be a variety of cells including fused B cells with myeloma cells, 
unfused B cells, unfused myeloma cells, B cells fused to B cells, myeloma cells 
fused to myeloma cells. Therefore, a selective medium known as hypoxanthine, 
aminopterin and thymidine (HAT) medium should be used to select only the B cells 
fused with myeloma cells [10]. Two components of this medium, hypoxanthine 
and thymidine, are the metabolites of the salvage pathway of nucleoside synthesis. 
Therefore, only the cells that have the necessary enzyme for the salvage synthesis of 
nucleic acids, named hypoxanthine-guanine-phosphoribosyl transferase (HGPRT), 
will be able to survive. Unfused myeloma cells lack HGPRT, so they cannot replicate 
their nucleic acid and they will not be able to grow in HAT medium. On the other 
hand, unfused B cells have a limited life span and therefore cannot grow appropri-
ately. Consequently, only fused B cell-myeloma cells known as “hybridomas” are 
able to grow in the medium. It should be noted that another pathway of nucleic acid 
synthesis named “de novo” pathway, is also inhibited due to the presence of ami-
nopterin in HAT medium. So, only the HGPRT-positive cells could be grown in this 
selective medium [8, 10].

To separate antibodies with different specificity and also for further hybridoma 
growth, the mixture of cells is diluted in microtiter wells in which their walls are 
coated with murine macrophages or feeder fibrocyte cells providing the growth 
factors needed for antibody-producing cells. Then, the antigen-binding ability of 
secreted antibodies by different clones of B cells could be assessed by ELISA, anti-
gen microarray assay, radio-immuno assay (RIA), or immune-dot blot and finally, 
the stable clone will be selected. The fused hybridomas and produced mAbs can be 
stored away in liquid nitrogen [8].

Although this process may be well suited for development of therapeutic 
antibodies, however, there are some important problems with using this technique. 
The hybridoma process takes approximately between 6 and 8 months to obtain a 
sufficient amount of mAbs, so its development procedure is very long. On the other 
hand, because of the murine origin of the antibodies, they can trigger the HAMA 
response in the host which could accelerate mAb clearance and undesirable allergic 
reactions upon repeated administration. This issue was resolved by developing anti-
body engineering methods toward producing less immunologic chimeric or human-
ized antibodies. These engineered antibodies were created using murine variable 
regions or CDRs as well as human constant regions aiming to decrease HAMA 
response and maintain target specificity. Currently, fully humanized antibodies are 
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generated in transgenic mice models (e.g. HuMabMouse and XenoMouse) using 
hybridoma technology. For this purpose, the mouse immunoglobulin gene loci have 
been replaced with human loci within the transgenic mouse genome [8].

3.2 Phage display technique

The phage display method is one alternative to traditional hybridoma technol-
ogy for generating monoclonal antibodies. This method was developed in 1985 by 
George P. Smith, who demonstrated that a peptide of interest could be displayed 
on the surface of filamentous phages following inserting the DNA fragment into 
the coat protein gene of phage. Then, a process known as “panning or biopanning” 
is explained by Parmley and Smith; the process describing a selection and affinity 
enrichment in order to isolation of peptide-phage fusions based on their specific 
binding affinity. Finally, phage display technology was used for the first time by 
McCafferty and Winter for generating antigen specific mAbs by creating combina-
torial antibody libraries on filamentous phages [11].

This method involves integration of a gene sequence coding for a particular 
antibody into the DNA sequence of a filamentous bacteriophage leading to the 
expression of interest protein on the surface of the bacteriophage capsid. These 
phage libraries could be generated from healthy donors (creating Naïve librar-
ies) or individuals who carry a particular disease, such as metastatic cancer or 
particular infection, or have been immunized with a particular antigen (creating 
immunized libraries). M13 is a filamentous bacteriophage that is widely used for 
antibody production via phage display. This phage infects Escherichia coli (E. coli) 
strains.

The discovery of smaller recombinant antibody fragments such as Fv (vari-
able region consisting of VH and VL), Fab, single-chain variable domain (scFv), 
and diabodies (bivalent scFvs) has played an important role in the advancement 
of antibody phage display technology [11, 12]. Compared to full antibodies, these 
fragments are more inclined to expression in bacteria. These fragments can be 
cloned into a bacteriophage (next to the coat protein known as PIII protein) using a 
vector. Bacteriophages are then used to infect E. coli to generate a library containing 
approximately 1010 cells. Later, bacteriophage containing the antibody segments 
were secreted from E. coli. These cells can then be isolated and sequenced. This 
technology enables fast and large-scale production of antibodies without animal use 
and it is easy to screen a large diversity of clones. However, it has some drawbacks, 
such as more expensive costs and more difficult techniques [11, 12].

4.  Applications of monoclonal antibodies: therapeutic and diagnostic 
uses

4.1 Therapeutic applications of mAbs in cancer therapy

Monoclonal antibodies could be designed specifically against a target antigen 
found on cancer cells. Several therapeutic mAbs have been approved against differ-
ent cancer types after the discovery of proto-oncogenes and specific tumor antigens 
[13]. In 1994, an antibody named MAB 17-1A was approved against epithelial cell 
surface antigen for identification of adenocarcinomas. It was efficient in reducing 
the mortality and occurrence rate of colorectal cancer [14]. Rituximab, an anti-
CD20 chimeric antibody, was approved in 1997 for treating non-Hodgkin B cell 
lymphoma. Rituximab interacts with CD20 antigen expressed on B cell tumors 
and then eliminates malignant cells through an effective immune response [15]. 
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enrichment in order to isolation of peptide-phage fusions based on their specific 
binding affinity. Finally, phage display technology was used for the first time by 
McCafferty and Winter for generating antigen specific mAbs by creating combina-
torial antibody libraries on filamentous phages [11].

This method involves integration of a gene sequence coding for a particular 
antibody into the DNA sequence of a filamentous bacteriophage leading to the 
expression of interest protein on the surface of the bacteriophage capsid. These 
phage libraries could be generated from healthy donors (creating Naïve librar-
ies) or individuals who carry a particular disease, such as metastatic cancer or 
particular infection, or have been immunized with a particular antigen (creating 
immunized libraries). M13 is a filamentous bacteriophage that is widely used for 
antibody production via phage display. This phage infects Escherichia coli (E. coli) 
strains.

The discovery of smaller recombinant antibody fragments such as Fv (vari-
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fragments are more inclined to expression in bacteria. These fragments can be 
cloned into a bacteriophage (next to the coat protein known as PIII protein) using a 
vector. Bacteriophages are then used to infect E. coli to generate a library containing 
approximately 1010 cells. Later, bacteriophage containing the antibody segments 
were secreted from E. coli. These cells can then be isolated and sequenced. This 
technology enables fast and large-scale production of antibodies without animal use 
and it is easy to screen a large diversity of clones. However, it has some drawbacks, 
such as more expensive costs and more difficult techniques [11, 12].

4.  Applications of monoclonal antibodies: therapeutic and diagnostic 
uses

4.1 Therapeutic applications of mAbs in cancer therapy

Monoclonal antibodies could be designed specifically against a target antigen 
found on cancer cells. Several therapeutic mAbs have been approved against differ-
ent cancer types after the discovery of proto-oncogenes and specific tumor antigens 
[13]. In 1994, an antibody named MAB 17-1A was approved against epithelial cell 
surface antigen for identification of adenocarcinomas. It was efficient in reducing 
the mortality and occurrence rate of colorectal cancer [14]. Rituximab, an anti-
CD20 chimeric antibody, was approved in 1997 for treating non-Hodgkin B cell 
lymphoma. Rituximab interacts with CD20 antigen expressed on B cell tumors 
and then eliminates malignant cells through an effective immune response [15]. 
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Ibritumab (Zevalin®), Obinutuzumab (Gazyva®), and Ofatumumab (Arzera®) 
are the other mAbs against CD20 antigen [16].

Epidermal growth factor receptor (EGFR) is another antigen molecule 
expressed on many human cancer cells involved in cancer progression and metas-
tasis. A fully humanized anti-EGFR mAb has been reported to reduce cancer 
growth in-vitro and in-vivo. Cetuximab (Erbitux®, C225), a chimeric IgG1, binds 
to EGFR and induces receptor internalization and degradation. This mAb was 
approved for the treatment of patients with EFFR-expressing metastatic colorectal 
cancer (mCRC). Panitumumab (Vectibix®, Amgen) is a fully human IgG2 against 
EGFR used for the treatment of CRC [17, 18]. Necituzumab (Portrazza®), another 
EGFR-targeting mAb, is a humanized IgG1 indicated for treatment of patients with 
metastatic squamous non-small cell lung cancer [16].

Another well-known humanized mAb, trastuzumab (Herceptin®), has been 
approved for the treatment of breast cancer [19]. Herceptin is an IgG1 mAb that 
binds to HER2 protein expressed on breast tumor cells and can be used to treat 
breast tumors with overexpression of HER2 (about 30% of breast cancer patients) 
[20]. Pertuzumab (Perjeta®) and Ado-trastuzumab emtansine (Kadcyla®) are the 
other humanized IgG1 mAbs targeting HER2 [16].

Immune checkpoint blockade therapy is another antitumor approach. Immune 
checkpoint molecules such as Programmed Cell Death Protein 1 (PD-1) and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) expressed on cancer cells and 
act as inhibitory receptors which result in suppressing immune response against 
tumor cells. Anti-PD1/PD-L1 therapy has been shown promising results to treat a 
variety of cancer types such as lung, liver, blood, and skin cancers [21]. Nivolumab 
(Opdivo®) is a fully human IgG4 mAb against PD-1 approved for the treatment 
of metastatic melanoma, metastatic squamous non-small cell lung cancer, and 
metastatic non-squamous non-small cell lung cancer. Pembrolizumab (Keytruda®) 
is also a humanized IgG4 mAb targeting PD-1 that was approved for melanoma, 
lung cancer, and lymphoma. CTLA4 is another checkpoint molecule that could be 
inhibited by a human IgG1 named Ipilimumab (Yervoy®). CTLA4 plays a critical 
role in inhibition of T cells, especially during the early stages of T cell expansion. 
Therefore, ipilimumab could improve T cell activation and promote immune 
response against tumor [16].

Anti-idiotype mAbs have been considered in cancer therapy because they can 
mimic tumor associated antigens. Idiotype is referred to antigen binding sites in 
the variable domain of an antibody molecule. Anti-idiotype mAbs could mimic 
tumor antigens and may be used as alternate antigens or vaccines for immunization 
against the tumor [22]. ACA125 is a murine anti-idiotype monoclonal antibody that 
mimics the tumor antigen CA125. ACA125 was shown to induce anti-anti-idiotypic 
immune response in the numbers of patients with ovarian cancer associated with 
prolonged survival [22, 23]. Similarly, good results have been shown in patients 
with advanced CRC receiving murine anti-idiotype mAb that mimics an epitope of 
carcinoembryonic antigen (CeaVac) [14, 22]. Another anti-idiotype mAb, TriGem, 
that mimics disialoganglioside GD2 also demonstrated promising results in patients 
with melanoma [24].

Fusion proteins consisting of the Fv region of a mAb and a bacterial toxin are 
also considered as another strategy for cancer therapy which is known as “recom-
binant immunotoxins”. The immunotoxins derived from Pseudomonas entero-
toxin shown an effective response against solid tumors as well as lymphomas and 
leukemias [25].

Radioimmunotherapy using mAbs against cancer cells has also been considered 
as an efficient therapeutic approach. To this end, mAbs could be labeled with 
radioisotopes such as iodine-131 and yttrium-90 to deliver radioisotopes to target 
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cells. Iodine-131 and Yttrium-90 were used in the treatment of Hodgkin’s disease 
and lymphoma [26]. Using radiolabeled mAbs was also shown in cancer diagnosis 
using a diagnostic imaging called immunoscintigraphy [27]. Despite the promising 
results, there are still several obstacles to the mAbs application in cancer therapy, 
such as specific targeting without affecting normal cells as well as resistance the 
tumor cells to drugs [28].

4.2 Therapeutic applications of mAbs in the treatment of autoimmune diseases

Immune system activation in autoimmune diseases or after organ transplanta-
tion could be potentially suppressed by mAbs. Successful therapeutic applications 
of mAbs have been shown in several inflammatory conditions such as psoriasis, 
rheumatoid arthritis (RA), juvenile arthritis, Crohn’s disease, and multiple 
sclerosis, [29].

4.2.1 Anti-TNF monoclonal antibodies

Because of the crucial role in inflammatory responses, TNF-a is considered as 
an important cytokine involved in pathogenesis of several disorders such as RA, 
Crohn’s disease, and spondyloarthritides and, therefore, anti-TNF agents have 
become an efficient approach used in treatment for these diseases. Infliximab 
(Remicade®) is a human chimeric IgG1 anti-TNF antibody that interacts with 
soluble and transmembrane forms of TNF-a resulting in inhibiting proinflam-
matory cascade signaling. Binding infliximab to cells expressing TNF led to cell 
destruction through antibody and CDC [30, 31]. Inhibiting TNF-a could prevent 
the production of proinflammatory cytokines such as IL-1, IL-6, and IL-8 [32]. 
Infliximab was used in 1993 to treat patients with persistent RA. In addition to 
RA, infliximab was approved to treat crohn’s disease, psoriasis, psoriatic arthritis, 
ankylosing spondylitis, and ulcerative colitis [33]. Moreover, infliximab could also 
induce T lymphocyte apoptosis in Crohn’s disease [34]. Remarkable improvement in 
clinical parameters such as improvement of joint swelling, pain, reducing the level 
of inflammatory mediators such as C-reactive protein (CRP) were seen in patients 
with RA after treating with infliximab [31, 33].

In addition to infliximab, several other anti-TNF mAbs have also been approved 
for treating autoimmune disorders. These monoclonal antibodies include adalim-
umab, golimumab, and certolizumab [35]. Adalimumab (Humira®), is a fully human 
IgG1 mAb neutralizing TNF-a and could induce apoptosis in cells expressing TNF 
[36]. Adalimumab is approved for use in RA, ankylosing spondylitis, psoriatic arthri-
tis, juvenile idiopathic arthritis, Crohn’s diseases, ulcerative colitis, and Psoriasis [37]. 
Golimumab (Simponi®), a fully human mAb, has been approved for RA, ankylosing 
spondylitis, psoriatic arthritis, ulcerative colitis, and juvenile idiopathic arthritis [38]. 
Certolizumab (Cimzia®) is a PEGylated Fab fragment approved for the treatment of 
Crohn’s disease, RA, psoriatic arthritis, and ankylosing spondylitis [39].

4.2.2 Anti-IL-1 and anti-IL-1R monoclonal antibodies

The role of the IL-1 family and their receptors are well-known in inducing and 
regulating inflammation in autoimmune disorders [40]. Promising results have 
been shown in patients with autoimmune diseases after using anti-IL-1 mAbs such 
as Canakinumab, or targeting IL-1 receptor such as anakinra [41].

Canakinumab (ACZ885, Ilaris®) is an anti-IL-1β IgG1 mAb neutralizing IL-1β 
resulting in inhibition of inflammation in patients with autoimmune disease. 
Canakinumab was first approved in 2009 for treatment of cryopyrin-associated 
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periodic syndrome (CAPS) [42]. Afterward, this mAb was approved for other 
inflammatory disorders including TNF receptor associated periodic syndrome 
(TRAPS), mevalonate kinase deficiency (MKD), familial Mediterranean fever 
(FMF), and hyperimmunoglobulin D syndrome (HIDS).

Anakinra is an antagonist for IL-1RI which prevents the interaction of IL-1α 
as well as IL-1β to IL-1R1 resulting in reducing inflammatory response and tissue 
damage. Anakinra is currently approved for the treatment of RA and cryopyrin-
associated periodic syndromes [43]. Other anti-IL1 mAbs are also under investi-
gation for clinical use such as Gevokizumab (anti-IL-1β IgG2 mAb), LY2189102 
(anti-IL-1β IgG1 mAb), MABp1 (anti-IL-1α IgG1 mAb), and MEDI-8968 (blocking 
IL-1RI) [41].

4.2.3 Anti-IL-6 and anti-IL-6R monoclonal antibodies

IL-6 is an inflammatory cytokine involved in the initiation or progression of 
immune responses in several autoimmune diseases such as RA. Tocilizumab or atli-
zumab (Actemra® or RoActemra®), is a humanized anti-IL-6 receptor mAb and 
binds to both soluble and membrane-bound IL-6 receptor. Its efficacy is currently 
being explored in the treatment of RA, systemic juvenile idiopathic arthritis in 
children, Castleman’s disease, systemic lupus erythematosus (SLE), juvenile derma-
tomyositis (DM), vasculitis, and juvenile scleroderma [44]. Sarilumab (Kevzara®) 
is another human IgG1 mAb against IL-6 receptor developed for the treatment of 
RA [43]. Sirukimab, olokizuman, and clazakumab are the inhibitors of IL-6 that are 
currently under development for treating inflammatory disorders.

4.2.4 Anti-CD20 monoclonal antibodies

CD20 antigen is a phosphoprotein expressed on B lymphocytes involved in B 
cell proliferation and activation by initiating an intracellular signaling pathway. 
Targeting CD20 by mAbs induces B cell apoptosis and could inhibit B cell function 
through antibody-dependent cell mediated cytotoxicity and complement-depen-
dent cytotoxicity. Rituximab (Rituxan®), a chimeric mAb against CD20 antigen, 
has been first approved for the treatment of lymphomas. Rituximab was approved 
for treating RA in combination with methotrexate, which could improve symptoms 
in patients [45]. Also, promising results have been shown in treating other autoim-
mune diseases including systemic lupus erythematosus [46], dermatomyositis [47], 
severe autoimmune hemolytic anemia [48, 49], refractory immune thrombocyto-
penic purpura [50], Wegener’s granulomatosis [51]. Ocrelizumab (Ocrevus®) is 
another humanized anti-CD20 antibody that targets CD20 molecules on B lympho-
cytes. It was approved for the treatment of the primary progressive form of multiple 
sclerosis. Ofatumumab, a fully human anti-CD20 antibody, has been shown to be 
effective and safe in treating patients with autoimmune diseases. Phase II and III 
trials are ongoing to evaluate the efficiency of ofatumumab in patients with mul-
tiple sclerosis and rheumatoid arthritis, respectively [52, 53].

A phase III trial is ongoing for evaluating a novel glycoengineered chimeric 
anti-CD20 mAb in patients with relapsing forms of multiple sclerosis (RMS). 
Glycoengineering led to increased affinity for FcγRIIIa receptors and enhanced 
ADCC [54].

4.2.5 Other monoclonal antibodies for treating autoimmune diseases

There are several mAbs targeting cytokines or their receptors developed to 
reduce inflammatory response in autoimmune disorders. IL-17 as a major cytokine 
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of Th17 cells, plays crucial roles in immune response against bacterial and fungal 
infections, as well as in the pathogenesis of autoimmune diseases, importantly in 
psoriasis [55]. Secukinumab (Cosentyx®), an IgG1 human mAb, binds to IL-17A 
and is approved for the treatment of psoriasis and ankylosing spondylitis. Another 
mAb against IL-17A, named Ixekizumab (Taltz®) also neutralizes IL-17 and was 
developed for the treatment of moderate to severe plaque psoriasis. Brodalumab 
(Siliq® or Kyntheum®) is a human mAb also approved for plaque psoriasis. It binds 
to the IL-17 receptor and inhibits the related signaling pathway. Brodalumab also 
interacts with IL-17 and prevents its binding to IL-17 receptor [56].

In addition to IL17, a monoclonal antibody targeting IL-23 would be a poten-
tial treatment for plaque psoriasis. IL-23 is also a key proinflammatory cytokine 
playing an important role in Th-17 differentiation and activation. Guselkumab 
(Tremfya®), Risankizumab (SKYRIZI®), and Tildrakizumab (Ilumya®) are 
IgG1 mAbs targeting IL-23 p19 approved for the treatment of patients with plaque 
psoriasis [55].

Targeting adhesion molecules which play an important role in leukocyte activa-
tion, circulation, and localization to inflammatory sites is also considered as an 
efficient therapeutic approach in treating autoimmune diseases [57]. Natalizumab 
(Tysabri®), a humanized mAb against the cell adhesion molecule α4-integrin, was 
the first mAb approved for treatment of MS. Natalizumab prevents the interaction 
of α4-integrin with VCAM-1 expressed on endothelial cells, resulting in the inhibi-
tion of leukocyte migration to the central nervous system. Natalizumab is also used 
for treating Crohn’s disease [53]. Alemtuzumab (Lemtrada®) is a humanized mAb 
against CD52 (or COMPATH1) expressed on lymphocyte, monocytes, and dendritic 
cells. It could destroy CD52-expressing cells by inducing ADCC. Alemtuzumab was 
approved for the treatment of patients with multiple sclerosis and chronic lympho-
cytic leukemia as well as immunomodulation in organ transplantation. Vedolizumab 
(Entyvio®), a humanized mAb against a4b7 integrin, has also been developed for 
treatment of patients with Crohn’s disease and ulcerative colitis [53, 58].

4.3  Therapeutic applications of mAbs in the treatment of graft-versus-host 
disease

Two monoclonal antibodies including OKT3 (a murine IgG2a antibody against 
human CD3) and antibodies against IL-2 receptor (CD25) have been approved to 
reduce allograft rejection [59].

Graft-versus-Host Disease (GVHD) is a complication of bone marrow transplan-
tation causing death in patients. GVHD occurs when alloreactive donor T cells inter-
act with major histocompatibility (MHC) molecules in the host, leading to immune 
system activation and releasing higher amounts of cytokines [60]. Targeting T cells 
before their activation could be effective in inhibiting GVHD. The expression of 
CD25 on T cells is considered as an important step in their alloreactive activation. 
Therefore, mAb therapy using anti-CD25 monoclonal antibody might inhibit T cells 
and could be an effective therapeutic agent [61]. However, the production of anti-
mouse antibodies and HAMA response in the host could affect the effectiveness of 
these mAbs.

Using mAbs for treatment of other complications that occurred post transplan-
tation is also shown. Rituximab, an anti CD20 mAb used for treatment of posttrans-
plant lymphoproliferative disorder [62]. In addition, odulimomab, an anti-LFA1 
mAb, was shown to have a protective function against ischemia–reperfusion injury 
after kidney transplants [62, 63]. Another humanized mAb named Daclizumab 
(Zynbryta®) targets IL-2 receptor and decreases the risk of acute rejection of renal 
transplant [64].
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4.4 Therapeutic applications of mAbs in the treatment of asthma

High serum levels of immunoglobulin E (IgE) plays an important role in the 
pathogenesis of allergic asthma causing bronchial hyperresponsiveness [65, 66]. 
New treatment approaches have been developed to manage disease severity in 
patients with asthma, including using humanized monoclonal antibodies against 
IgE or cytokines involved in initiation or persistence of asthmatic inflammation. 
It has been shown that in patients with moderate to severe allergic asthma, admin-
istration of recombinant humanized anti-IgE antibody could result in decreasing 
serum IgE levels as well as asthma symptoms. These antibodies can exert their 
effects by forming a complex with free IgE resulting in the inhibition of IgE inter-
action with its receptor expressed on mast cells and basophils [66]. Omalizumab 
(Xolair®), a humanized mAb, inhibits IgE binding to its receptor (FcɛR1) and 
showed appropriate efficiency in patients with severe asthma [67].

Targeting IL-4, IL-5, IL-13, IL-9 cytokines could also be an effective approach 
in the treatment of allergic eosinophilic asthma [68]. IL-4 is an important media-
tor for TH2 cell differentiation which acts by binding to its receptor, IL-4 receptor 
(IL-4R), expressed on several types of immune cells. Dupilumab (Dupixent®), a 
monoclonal antibody against IL-4R, was approved for patients with moderate to 
severe asthma [69]. Targeting IL-5 could be effective in reducing asthmatic symp-
toms due to its role in the maturation, activation, and maintenance of eosinophils. 
Mepolizumab (Nucala®), Reslizumab (Cinqair®), and Benralizumab (Fasenra®) 
are mAbs against IL-5 approved for eosinophilic asthma [68]. Mepolizumab and 
Benralizumab block the interaction of soluble IL-5 with its receptor on the eosino-
phils. Benralizumab binds to the IL-5R expressed on the eosinophils and then inhib-
its the IL5R signaling pathway. Besides, this mAb can lead to eosinophils’ apoptosis 
through interaction with FcγRIIIa expressed on the natural killer cells [70]. IL-13 
is a crucial cytokine involved in IgE production from B lymphocytes causing 
smooth muscle contractility in asthma [71]. Lebrikizumab and Tralokinumab are 
mAbs against IL-13 acting by neutralizing IL-13 and inhibiting IL-13 binding to its 
receptor [72–76]. Targeting IL-9 could be effective in inhibiting mast cell activa-
tion. MEDI-528, a humanized IgG1 monoclonal antibody, targets IL-9 and inhibits 
its function in asthma pathogenesis [77]. Other mAbs such as Tezepelumab (anti 
Targeting thymic stromal lymphopoietin or TSLP) and Daclizumab (anti IL-2R α 
chain (CD25)) are also effective in inhibiting the induction of type 2 cytokines (e.g. 
IL-5, IL-4 and IL-13) and inhibiting lymphocyte activation, respectively [78, 79].

4.5  Other therapeutic applications: using mAbs in the treatment of sepsis and 
viral infections

Sepsis is considered as an inflammatory immune response and potentially life-
threatening disorder that occurs in response to an infection. Bacterial infections are 
the important cause of sepsis, but other infections including viral, fungal or proto-
zoan infections can also trigger sepsis [80]. Targeting inflammatory mediators such 
as TNF-α or its receptor could be efficient against inflammatory response. However, 
inhibiting bacterial toxin or important bacterial components such as endotoxin or 
lipid-A (gram-negative bacteria component) may be more effective in the treatment 
of septic shock. The efficiency of two types of mAbs including E5 (XoMA, Berkeley, 
CA), a murine IgM mAb, and HA-1A (Centoxin), a human IgM, have been shown 
in patients with sepsis [81, 82].

Using therapeutic mAbs is also shown in the treatment of viral infections. 
Cytomegalovirus (CMV) could affect immunocompromised individuals, including 
patients with AIDS and those undergoing organ transplants. CMV proteins could 
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be targeted by mAbs [83]. A humanized mAb against gpUL75 (gH), a glycoprotein 
of CMV, could interact with several strains of virus and may be considered as an 
appropriate agent for the treatment of patients with CMV infection [84].

A mAb named Palivizumab has been approved for Respiratory syncytial virus 
(RSV) infection which causes severe lower respiratory tract disorder [85]. Using 
mAbs has also been reported for the treatment of HSV infections.

Currently, several types of monoclonal antibodies have been designed for 
the treatment of patients with coronavirus disease-2019 (COVID-19) [86]. 
Bamlanivimab (LY-CoV555 or LY3819253) is a human IgG1 mAb against the SARS-
CoV-2 spike (S) protein and could block viral entry into human cells [87]. Despite 
the authorization by FDA for emergency use for patients with positive SARS-CoV-2 
viral test, Bamlanivimab has not been approved yet.

4.6 Monoclonal antibodies in the diagnostic assays

High specificity and high affinity binding properties of monoclonal antibodies 
make them effective biological reagents in immunodiagnostic assays. They can be 
used for diagnosis of infectious diseases and detection of certain antigens or in 
serological assessments for detection of antibodies against a certain antigen [88]. 
Monoclonal antibodies are widely used in several immunodiagnostic assays includ-
ing immunohistochemistry (IHC) or immunocytochemistry (ICC), Enzyme-linked 
Immunosorbent Assay (ELISA), western blot, immunodot blot, radio immuno 
assay (RIA), Immunofluorescence (IF), flow cytometry, and microscopy (electron, 
fluorescence, confocal) [89].

In all methods, detection of the specific antigens on the tissue sections, cell sur-
face, or in the homogenized sample needs the interaction between specific mAbs 
and the target antigen. To visualize this interaction, either the primary antibody or 
secondary antibody must be labeled. Totally, the primary antibody is labeled in the 
direct methods (such as direct ELISA, IF, and RIA) in which the antibody directly 
interacts with antigens immobilized on a solid tissue or on a surface [89–91]. In the 
indirect methods, two types of antibodies have been used. The primary antibodies 
are fixed on a surface and could capture antigen of interest, and then secondary 
antibody could interact with this complex. In these methods, the secondary anti-
body is labeled, allowing for signal detection. Various labels could be used, such as 
fluorescent molecules, enzymes, or radioisotopes. Fluorescent labeling requires a 
fluorescence microscope, while using enzymes such as horseradish peroxidase or 
alkaline phosphatase results in producing a colored product after incubation with a 
chromogenic substrate such as diaminobenzidine (DAB) [92–94].

5. Conclusion

The stability and flexibility of antibodies and their effector functions are impor-
tant factors that determine the applicability of immunoglobulins for the development 
of therapeutic mAbs. The majority of the clinically available mAbs are IgG. High 
specificity and high affinity binding properties of monoclonal antibodies make them 
useful biological drugs for the treatment of a variety of disorders including autoim-
munity, malignancies, and asthma. They can be used to diagnose infectious disorders 
and identify specific antigens, as well as in serological tests to detect antibodies 
against specific antigens. In addition, monoclonal antibodies are widely used in 
several immunodiagnostic assays with high sensitivity and specificity. Consequently, 
due to their important functions in both diagnosis and treatment of diseases, mono-
clonal antibodies have become popular molecules, particularly in medicine.
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several immunodiagnostic assays with high sensitivity and specificity. Consequently, 
due to their important functions in both diagnosis and treatment of diseases, mono-
clonal antibodies have become popular molecules, particularly in medicine.
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Abstract

Monoclonal antibody (mAb) has broad applicability in research, diagnosis, 
and treatment. After the introduction of hybridoma technology in 1975, the mAb 
market has increased dramatically, moving a large industry of more than US$ 140 
billions in 2020. In 1954, the concept of the 3R’s was proposed and much changed 
the animal use scenario, including the recent ban on inducing ascites in mice for the 
production of mAb. In light of this, the generation and production of antibodies 
had to be reassessed. In this chapter, we present an overview of the main alterna-
tive technologies to the use of animals in the generation and production of mAb. 
Antibody display libraries and in silico modeling are very promising technologies 
that may provide mAb genetic constructs that, in the sequence, may be expressed 
on mammalian, bacterial, yeast or plant systems. Although the total replacement of 
the use of animals in the entire process is not currently feasible, it is possible to find 
ways to reduce and refine the use of animals in obtaining and producing mAb.

Keywords: monoclonal antibody, alternative methods, antibody generation, 
antibody display libraries, in silico antibody modeling, antibody expression systems

1. Introduction

Animals have been used for research applications since the early centuries after 
Christ [1]. This practice has always been controversial. However, only in 1870, after 
discovering that animals feel pain, the theme began to be reconsidered [2]. Yet, 
the first significant milestone involving ethical issues in using animals for research 
occurred in 1954, when Charles Hume and William Russel proposed the concept 
of the 3Rs. They advocated “Replacing, Reducing and Refining” the use of animals 
to minimize pain or stress whenever possible [3]. This conception was further 
extended to the 6Rs to include “Read across”, referring to the critical analysis of new 
results, “Relevance”, which concerns ethical and educational visions, including good 
laboratory practices, and finally “Roadmaps,” which evolves planning, communica-
tion, conference and technical implementation policies [4]. Recently, the American 
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Anti-Vivisection Society (AAVS) banned the production of ascites in animals, 
launching the “antibodies without animals” campaign [5, 6].

In view of this, the conventionally used strategies to generate and produce 
monoclonal antibodies (mAbs), initially proposed by Köhler and Milstein in 1975 
[7] as the hybridoma technology, had to be reconsidered. This methodology is based 
on the immunization of animals with the antigen of interest, followed by the fusion 
of B lymphocytes with myeloma cells, resulting in the formation of hybridomas. 
After cloning and selection, the antibody-secreting stable monoclonal cell lines 
were used to produce mAb-enriched ascitic liquid [8], a now-banned practice. 
For many years, mAbs, which have wide applicability in research, diagnosis, and 
treatment, were generated and produced with this methodology. In this chapter, the 
main technologies that emerged as alternatives to the use of animals for the genera-
tion and production of mAbs are discussed.

1.1 Overview of antibody structure and most common formats

mAbs are immunoglobulin molecules with a molecular weight of ~150 kDa, 
made up of four polypeptide chains: one pair of identical light chains and another 
pair of identical heavy chains joined by disulfide and non-covalent bonds. Each 
chain contains a variable domain (VL and VH) at the N-terminal portion and one 
or three constant domains at the polypeptide’s C-terminal portion. The antigen-
binding fragment (Fab) has ~50 kDa and is composed of variable and constant 
regions of heavy and light chains. The variable fragment (Fv) includes only the two 
variable domains of both chains (Figure 1a) [9]. Each variable region is composed 

Figure 1. 
Schematic representation of different antibody formats: (a) the classic IgG and its respective regions and 
chains; (b) monovalent antigen-binding formats: Fab and scFv; (c) bivalent antigen-binding formats: Fab’2, 
diabody and minibody. Different textures indicate different antigen specificities; (d) structures composed of 
scFv can form diabody, triabody and tetrabody; (e) other possible formats that can be constructed; (f) camelid 
Ig and shark IgNAR molecules.
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of six complementarity determining regions (CDRs), also known as hypervariable 
regions: three in the light chain (L1, L2, and L3) and three in the heavy chain (H1, 
H2, and H3), CDR H3 being the most variable in length, sequence, and structure. 
These regions promote the high specificity of functional binding of mAbs with the 
target antigen [10]. In spite of hypervariable regions, it should be noted that these 
regions assume conformations in the form of loops because of the presence of some 
conserved residues [11].

There are several formats of antibodies used for therapeutic, diagnostic, and 
basic research purposes. Smaller formats were initially generated by the removal of 
the constant domain (Fc) by proteolysis, with the enzymes papain and pepsin, and 
later by genetic manipulations, giving rise to monovalent antigen-binding formats: 
Fab and scFv (variable single-chain fragment) (Figure 1b) or bivalent formats such 
as Fab’2, diabody, minibody, among others (Figure 1c). These antibodies present 
characteristics in comparison to complete mAbs that may be useful depending 
on the application: besides retaining the antigen-binding affinity of the parental 
antibody, they have a reduced serum half-life and are less immunogenic [12, 13]. In 
addition to conventional shapes, camelids and sharks produce unusual antibodies 
composed only of heavy chains, with just a single domain in its variable antigen-
binding site. In Camelidae, it is called variable domain of heavy chain antibodies 
(VhHs), while in some cartilaginous fish, like sharks, it is called new variable 
antigen receptor (V-NARs). The smaller sizes of VhHs and V-NARs allow them to be 
good candidates as biotechnological tools (Figure 1f) [14–16].

Fab favors the crystallization of several proteins facilitating the determination of 
their three-dimensional structure [15]. Therapeutic Fabs have been available since 
1994, starting with the chimeric abciximab Fab (ReoPro), used as an antiplatelet 
agent. Ranibizumab (Lucentis) was approved by Food and Drug Administration 
(FDA) in 2006 for treatment of age-related macular degeneration, certolizumab 
pegol (Cimzia) was approved in 2009 for rheumatoid arthritis, and several other 
Fabs are now in clinical and pre-clinical trials. This format is also useful for diag-
nostic imaging, like arcitumomab (CEA-scan) approved in 1996 for colorectal 
cancer screening [12, 17, 18].

Another variant is scFv antibodies, with a molecular mass of ~30 kDa, com-
posed of VH and VL domains joined with a peptide ligand. These structures can be 
presented as dimers, trimers, tetramers (Figure 1d) or other formats (Figure 1e) 
through genetic or chemical manipulations. Diabodies can present two identical 
antigen-binding sites, when it is called a bivalent diabody, or have two different 
antigen-binding sites, a bispecific diabody [19, 20]. Numerous scFvs have been con-
structed against haptens, proteins, carbohydrates, receptors, tumor antigens, and 
viruses for applications in therapy and diagnosis [21]. In 2019, the FDA approved 
the humanized scFv brolucizumab (Beovu) to treat neovascular age-related macu-
lar degeneration. Other scFvs are already in a pre-clinical study for targeted cancer 
therapy [22].

2. Alternative methods for monoclonal antibody generation

2.1 Antibody display libraries

Antibody display libraries are powerful tools to isolate high-affinity antibod-
ies for therapeutic and/or diagnostics applications. They can be divided into two 
groups: cell surface and cell-free display libraries. In the first case, the antibody 
is expressed on the surface of bacteria, yeasts, or mammalian cells, using own 
internal machinery [22] and, in the second, extracts of prokaryotic or eukaryotic 
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conserved residues [11].
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the constant domain (Fc) by proteolysis, with the enzymes papain and pepsin, and 
later by genetic manipulations, giving rise to monovalent antigen-binding formats: 
Fab and scFv (variable single-chain fragment) (Figure 1b) or bivalent formats such 
as Fab’2, diabody, minibody, among others (Figure 1c). These antibodies present 
characteristics in comparison to complete mAbs that may be useful depending 
on the application: besides retaining the antigen-binding affinity of the parental 
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binding site. In Camelidae, it is called variable domain of heavy chain antibodies 
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agent. Ranibizumab (Lucentis) was approved by Food and Drug Administration 
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pegol (Cimzia) was approved in 2009 for rheumatoid arthritis, and several other 
Fabs are now in clinical and pre-clinical trials. This format is also useful for diag-
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cancer screening [12, 17, 18].

Another variant is scFv antibodies, with a molecular mass of ~30 kDa, com-
posed of VH and VL domains joined with a peptide ligand. These structures can be 
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antigen-binding sites, when it is called a bivalent diabody, or have two different 
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2. Alternative methods for monoclonal antibody generation

2.1 Antibody display libraries

Antibody display libraries are powerful tools to isolate high-affinity antibod-
ies for therapeutic and/or diagnostics applications. They can be divided into two 
groups: cell surface and cell-free display libraries. In the first case, the antibody 
is expressed on the surface of bacteria, yeasts, or mammalian cells, using own 
internal machinery [22] and, in the second, extracts of prokaryotic or eukaryotic 
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cells, mainly from rabbit or wheat germ, are used to transcribe and translate 
genetic information contained in the library [23, 24]. Although they use different 
paths, these methodologies have a common property: they are potential alternative 
methods to the use of animals for antibody generation.

These methodologies involve two main steps: the construction of the library 
and the selection of the antibody of interest. According to the origin of the genetic 
material used in their construction, the libraries are classified as naïve, immune, 
synthetic, or semi-synthetic. The immune library is obtained from animals or 
humans that have been immunized and developed antibodies against a particular 
antigen [25, 26]. The other types are known as universal libraries: naïve is cloned 
from non-immunized donors; the semisynthetic is created using both naturally 
and synthetically (in silico) randomized CDRs, which increases the diversity of the 
library without requiring a large number of donors; and synthetic, based only in in 
silico design and gene synthesis to optimize individual amino acids, hence expand-
ing its diversity, expression, and stability [27].

2.1.1 Cell surface display

Among the display libraries, the phage display stands out for being the first 
described and currently more used in the generation of antibodies [28]. The tech-
nique was developed by George Smith in 1985 and it uses the bacteriophage’s ability 
to infect bacteria. In this way, a foreign DNA sequence is inserted into the genes III 
or VIII, which encode the pIII and pVIII coat proteins, respectively. The recombi-
nant protein is displayed on the outer surface of the phage as a fusion protein in an 
immunologically accessible form [29]. The displayed antibodies can be of either 
Fab or scFv formats. The phage display library is generated by assembling DNA 
sequences that encode antibody fragments in the phage or phagemid vectors. The 
phage vector has a complete phage genome, but it is not effective for large proteins. 
A phagemid vector is a plasmid that contains phage coat gene (gIII or gVIII), and 
phage and plasmid’s origin of replication. The vectors are used to transform E. coli. 
The phage vector has all the ability to produce phage particles and display the fusion 
antibody, while the phagemid needs to infect the bacterium with a helper phage to 
enable the recombinant DNA package, as a single-strand DNA into virion particles, 
and to display the antibody fragments [25, 28, 30]. The screening of displayed 
antibodies is performed by biopanning, a process in which the phages are incubated 
with the immobilized antigen, and the non-binding phages are removed by exten-
sive washing. The bound phages are then eluted and enriched by reinfection of 
E. coli and thus successive rounds of selection can be carried out as many times as 
needed [31].

Bacterial display, an alternative to phage display, allows libraries of greater 
diversity. In this system, the expression of recombinant proteins is easier and the 
transformation by DNA is more efficient than phage display. The methodology is 
fast, easy to handle, and eliminates the stage of infection by the phage. The library 
can be displayed on the membrane in the periplasmic space or fused to the filament 
flagellar or fimbrial adhesin proteins [32, 33]. To generate the bacterial library, the 
sequences of DNA, encoding scFv or Fab fragments, are inserted into the appropri-
ate display vector used to transform E. coli, the most common bacterial strain used 
in this technique [34]. The target antigen, adsorbed on magnetic beads or fluoro-
phore-labeled, is used for the screening of antibody libraries by cell sorting [35].

In the cases of yeast and mammalian displays, eukaryotic systems, folding and 
post-translational modifications, which are relevant to the function and stability 
of the antibody, are more effective when compared to what occurs in the pro-
karyotic system [22]. Briefly, the yeast library is created by linking the antibody 
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gene sequence into suitable yeast display vectors. The transformed yeast by the 
plasmid generated is induced to express the recombinant library. The system can 
display scFv, Fab, or full-length antibody formats [36], that are expressed in fusion 
with anchor proteins of the glycosylphosphatidylinositol (GPI) family, such as 
α-agglutinin and a-agglutinin. The screening is performed by cell sorting [37].

When using the mammalian system, the post-translational modifications are 
still more effective than those possible in the yeast system. The antibody library 
can be usually displayed on the surface of Human Embryonic Kidney 293 T (HEK 
293 T) and Chinese Hamster Ovary (CHO) cells after transient or stable trans-
formation [38]. The antibody expressed is fused to the transmembrane domain 
of human platelet-derived growth factor receptor (PDGFR), which anchors the 
antibody on the outer surface of the cell membrane [39]. The library screening is 
performed as already described for other cell-surface display systems [40].

2.1.2 Cell-free display

The cell-free display libraries, unlike previously described ones, do not depend 
on the efficiency of transduction or transfection. Among them, the ribosome and 
mRNA systems have been the most described, offering around 1012–1014 variants, a 
wider diversity over other display techniques, like phage (around 109), eukaryotic 
(106–107), and prokaryotic (108–1010) systems [41].

While the ribosome display connects nascent proteins to their encoding mRNA 
through the generation of stable protein–ribosome–mRNA complexes, the mRNA 
system uses an antibiotic, puromycin, that mimics the structure of an aminoacyl-
ated tRNA, to modify mRNA that also is linked to its respective nascent protein. In 
a brief description, a ribosome system display construct is designed to be used with 
cell extracts to allow the downstream mRNA synthesis. In the construct, it must be 
present a ribosome binding site to the start codon where protein synthesis begins, 
for recruitment and pairing of the ribosome. The open reading frame is followed by 
the library of binding proteins and a spacer. The spacer provides flexibility to the 
display library in order to fold outside of the ribosome tunnel. Another important 
point is that the ribosome is stalled at the 3′-end by deleting the stop codon to 
couple the nascent polypeptide with its encoding mRNA [23, 42, 43].

The mRNA display stands out in relation to the ribosome display for offering a 
large degree of control over experimental conditions [41]. Briefly, the DNA anti-
body library is in vitro transcribed in mRNA. In a second step, a covalent interaction 
between mRNA and puromycin is produced, providing after translation the forma-
tion of the mRNA-puromycin-protein complex, which is reverse transcribed into 
cDNA to obtain the heteroduplex cDNA-mRNA, more stable than mRNA alone. 
After screening, the selected cDNA is amplified by PCR. The amplified constructs 
are subjected to a new cycle to obtain the mRNA-puromycin-protein complexes, and 
then the heteroduplexes obtained are ready for a new round of screening [41, 43].

Both methodologies enable the generation of different formats of the antibodies, 
including the full-length ones. The selection of the antibodies of interest is per-
formed by binding to an immobilized antigen. Ribosome and mRNA systems have 
gained relevance for allowing efficient and low-cost antibody production and for 
their advantageous ability to screen large libraries. Although promising, so far there 
is no commercially available antibody generated by cell-free technologies.

2.2 Antibody design via in silico modeling

Advances in DNA and protein sequencing techniques associated with X-ray 
crystallography approaches to evaluate the antibody structure at an atomic level 
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In the cases of yeast and mammalian displays, eukaryotic systems, folding and 
post-translational modifications, which are relevant to the function and stability 
of the antibody, are more effective when compared to what occurs in the pro-
karyotic system [22]. Briefly, the yeast library is created by linking the antibody 
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gene sequence into suitable yeast display vectors. The transformed yeast by the 
plasmid generated is induced to express the recombinant library. The system can 
display scFv, Fab, or full-length antibody formats [36], that are expressed in fusion 
with anchor proteins of the glycosylphosphatidylinositol (GPI) family, such as 
α-agglutinin and a-agglutinin. The screening is performed by cell sorting [37].

When using the mammalian system, the post-translational modifications are 
still more effective than those possible in the yeast system. The antibody library 
can be usually displayed on the surface of Human Embryonic Kidney 293 T (HEK 
293 T) and Chinese Hamster Ovary (CHO) cells after transient or stable trans-
formation [38]. The antibody expressed is fused to the transmembrane domain 
of human platelet-derived growth factor receptor (PDGFR), which anchors the 
antibody on the outer surface of the cell membrane [39]. The library screening is 
performed as already described for other cell-surface display systems [40].

2.1.2 Cell-free display

The cell-free display libraries, unlike previously described ones, do not depend 
on the efficiency of transduction or transfection. Among them, the ribosome and 
mRNA systems have been the most described, offering around 1012–1014 variants, a 
wider diversity over other display techniques, like phage (around 109), eukaryotic 
(106–107), and prokaryotic (108–1010) systems [41].

While the ribosome display connects nascent proteins to their encoding mRNA 
through the generation of stable protein–ribosome–mRNA complexes, the mRNA 
system uses an antibiotic, puromycin, that mimics the structure of an aminoacyl-
ated tRNA, to modify mRNA that also is linked to its respective nascent protein. In 
a brief description, a ribosome system display construct is designed to be used with 
cell extracts to allow the downstream mRNA synthesis. In the construct, it must be 
present a ribosome binding site to the start codon where protein synthesis begins, 
for recruitment and pairing of the ribosome. The open reading frame is followed by 
the library of binding proteins and a spacer. The spacer provides flexibility to the 
display library in order to fold outside of the ribosome tunnel. Another important 
point is that the ribosome is stalled at the 3′-end by deleting the stop codon to 
couple the nascent polypeptide with its encoding mRNA [23, 42, 43].

The mRNA display stands out in relation to the ribosome display for offering a 
large degree of control over experimental conditions [41]. Briefly, the DNA anti-
body library is in vitro transcribed in mRNA. In a second step, a covalent interaction 
between mRNA and puromycin is produced, providing after translation the forma-
tion of the mRNA-puromycin-protein complex, which is reverse transcribed into 
cDNA to obtain the heteroduplex cDNA-mRNA, more stable than mRNA alone. 
After screening, the selected cDNA is amplified by PCR. The amplified constructs 
are subjected to a new cycle to obtain the mRNA-puromycin-protein complexes, and 
then the heteroduplexes obtained are ready for a new round of screening [41, 43].

Both methodologies enable the generation of different formats of the antibodies, 
including the full-length ones. The selection of the antibodies of interest is per-
formed by binding to an immobilized antigen. Ribosome and mRNA systems have 
gained relevance for allowing efficient and low-cost antibody production and for 
their advantageous ability to screen large libraries. Although promising, so far there 
is no commercially available antibody generated by cell-free technologies.

2.2 Antibody design via in silico modeling

Advances in DNA and protein sequencing techniques associated with X-ray 
crystallography approaches to evaluate the antibody structure at an atomic level 
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and the increasing availability of the generated data in public domains provided a 
fundamental basis to the in-silico generation of mAbs.

Computer-assisted design of new mAbs consists of high-throughput algorithm 
analyses of antibody structures modeled from query residue sequences. These 
models are typically obtained by homology with precompiled antibody scaffold 
templates [44], which is possible because, despite the unique spatial identity of 
mAbs, the geometry of their variable regions is well conserved, with most CDR 
loops having a limited number of conformations, known as canonical classes [11]. 
In general, the established modeling tools coupled with refined protein–protein 
docking [45] and machine learning methods have been found useful for predict-
ing the VH and VL domain arrangements and the potential antibody electrostatic 
complementary interface [46].

Examples of platforms available for antibody modeling are the “Prediction of 
ImmunoGlobulin Structure” (PIGS) [47], the Rosetta Antibody Modeling [48], and 
the “Web Antibody Modeling” (WAM) [49]. These servers comprise fully auto-
mated homology-based modules that predict with high accuracy the tridimensional 
antibody structure, including most of the hypervariable regions of the antigen-
binding site [50]. An exception is the H3 loop. Unlike the other CDRs, the H3 
structure has unique conformations that do not follow a canonical form and are also 
not found in any described protein, with ~75% of its fragments not having struc-
tural neighbors in the known non-immunoglobulin protein world [51]. Therefore, 
the H3 loop cannot be predicted by selecting templates from a database and this is 
an important obstacle for the in silico antibody design. Some alternative algorithms, 
based on candidate conformations obtained computationally and energy functions, 
have been developed, but they often fail to produce sub-angstrom structure models 
[50, 52] and the problem persists.

Other concerns also affect antibody modeling. The limited number of high-
quality X-ray crystal structures of mAbs in public protein databases may not be 
sufficient to allow a proper antibody shape prediction [50]. Regarding the docking 
protocols, it should be noted that, despite the great advances in the bioinformatic 
field, most of the antibody algorithms still need to be optimized to consider the 
molecular backbone flexibility and the transient conformational changes following 
protein–protein interactions [53, 54]. Another relevant point is the time needed for 
antibody modeling. High-throughput computational design of mAbs can still be as 
time-consuming as experimental cellular approaches, even when well-consolidated 
prediction systems are used. As an example, the Rosetta Antibody server was previ-
ously found to take 570,000 CPU hours to generate ~2,000 antibody models [55].

With many challenges ahead, currently there are few reports of functional 
antibodies completely designed by in-silico approaches. A successful attempt in this 
field is the mAb described by Nimrod and co-workers, which was based on robust 
predictions of specific residue-residue interactions rather than modeling the entire 
antigen–antibody complex [56]. On the other hand, computational protocols have 
been used with increasing frequency to improve the physicochemical properties of 
previously generated mAbs, as well as to engineer humanized versions of murine 
full-length immunoglobulins, making them like those found in humans [57]. 
Molecular structure-based iterative algorithms have been shown to optimize the 
generation of humanized antibody scaffolds without a significant drop in affinity 
and specificity toward the antigen, compared to the original murine one, and with 
reduced occurrence of structure failures, important drawbacks commonly found 
following conventional humanization techniques, which are mostly guided by 
linear antibody residue sequences [58].

The overall computational antibody discovery scenario is promising and, 
although the design of new biologically active mAbs is still deeply dependent on 
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living animals, the advances in structure prediction methods set the scene for an 
ongoing technological evolution that should potentially lead the future generation 
of these molecules using only in-silico approaches.

3. Alternative methods for mAb production

3.1 Mammalian production systems

As previously mentioned, one of the major utilities of the mammalian expression 
systems is to produce complex biomolecules such as antibodies that require post-
translational modifications like glycosylation [38]. Though other eukaryotic systems 
do provide this modification, their capability of doing so is limited and might result 
in the addition of glycans that are not common in human proteins [59]. This event 
might result in misfolding and biologically inactive immunoglobulins, undesirable 
features in human therapeutic and diagnostic monoclonal antibodies [60]. Also, 
expression in prokaryotic systems might lead to contamination with endotoxins, 
which increases downstream processes to clear these endotoxins from the final 
product. Thereby, the mammalian expression systems are valuable tools to produce 
monoclonal antibodies as well as other proteins with proper structure and activity. 
Indeed, there are numerous FDA-approved mAbs produced in mammalian expres-
sion systems in contrast to prokaryotic systems and other eukaryotic cells [61].

The primary technique for mAb obtention was already originally dependent on 
a mammalian cell: the hybridoma cell [7]. As the high specificity of the monoclonal 
antibodies was making these molecules increasingly useful for various applica-
tions, a hybridoma large-scale cultivation became a great demand in the industry. 
Therefore, the ascites method production was no longer enough to supply bulk 
production, nor feasible due to ethical matters. That way, most research and diag-
nostic proposed mAbs are now produced in vitro, through the harvest and following 
purification of mAb-enriched media obtained in dynamic or non-dynamic cell 
culture systems [62].

In a therapeutic context, although the hybridoma cell lines are still responsible 
for the generation of more than 50% of the FDA-approved mAbs [63], these anti-
bodies are bulk produced in other mammalian host systems [64]. This is due mainly 
to the highly immunogenic nature of murine mAbs for humans, demanding the 
antibodies to be genetically modified (humanization or generation of fragments) 
for human therapeutic use [65]. Besides, many of these mammalian cells had their 
expression machinery highly optimized for recombinant protein production [66].

In the mammalian expression system, cells are readily transfected or transduced 
to introduce foreign DNA that codes for the target protein and then, they are culti-
vated preferably in suspension in a chemically defined serum-free media [59].

The preferred mammalian cell lines for protein expression in research and 
industrial fields are CHO and HEK-293 cells [67]. CHO cells are dominant in 
heterologous protein production in industry, mainly because of advantages like the 
property to provide complex post-translational modifications similar to those of 
humans, their ease to scale-up, and for being easily adapted to grow in serum-free 
suspension cultures [65]. CHO cells are more suited for stable expression, for its 
transfection renders low yields of recombinant protein secretion in this lineage. 
Since establishing a stable cell line is time and labor-consuming, transient trans-
fection is a suitable option to gather high amounts of proteins in a shorter period. 
In this case, HEK cells might represent an interesting option, since they are well-
known for being rather suitable for transient transfection. This cell line also has 
rapid doubling time and grows in high-density concentrations, just like CHO cells, 
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and the increasing availability of the generated data in public domains provided a 
fundamental basis to the in-silico generation of mAbs.

Computer-assisted design of new mAbs consists of high-throughput algorithm 
analyses of antibody structures modeled from query residue sequences. These 
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templates [44], which is possible because, despite the unique spatial identity of 
mAbs, the geometry of their variable regions is well conserved, with most CDR 
loops having a limited number of conformations, known as canonical classes [11]. 
In general, the established modeling tools coupled with refined protein–protein 
docking [45] and machine learning methods have been found useful for predict-
ing the VH and VL domain arrangements and the potential antibody electrostatic 
complementary interface [46].

Examples of platforms available for antibody modeling are the “Prediction of 
ImmunoGlobulin Structure” (PIGS) [47], the Rosetta Antibody Modeling [48], and 
the “Web Antibody Modeling” (WAM) [49]. These servers comprise fully auto-
mated homology-based modules that predict with high accuracy the tridimensional 
antibody structure, including most of the hypervariable regions of the antigen-
binding site [50]. An exception is the H3 loop. Unlike the other CDRs, the H3 
structure has unique conformations that do not follow a canonical form and are also 
not found in any described protein, with ~75% of its fragments not having struc-
tural neighbors in the known non-immunoglobulin protein world [51]. Therefore, 
the H3 loop cannot be predicted by selecting templates from a database and this is 
an important obstacle for the in silico antibody design. Some alternative algorithms, 
based on candidate conformations obtained computationally and energy functions, 
have been developed, but they often fail to produce sub-angstrom structure models 
[50, 52] and the problem persists.

Other concerns also affect antibody modeling. The limited number of high-
quality X-ray crystal structures of mAbs in public protein databases may not be 
sufficient to allow a proper antibody shape prediction [50]. Regarding the docking 
protocols, it should be noted that, despite the great advances in the bioinformatic 
field, most of the antibody algorithms still need to be optimized to consider the 
molecular backbone flexibility and the transient conformational changes following 
protein–protein interactions [53, 54]. Another relevant point is the time needed for 
antibody modeling. High-throughput computational design of mAbs can still be as 
time-consuming as experimental cellular approaches, even when well-consolidated 
prediction systems are used. As an example, the Rosetta Antibody server was previ-
ously found to take 570,000 CPU hours to generate ~2,000 antibody models [55].

With many challenges ahead, currently there are few reports of functional 
antibodies completely designed by in-silico approaches. A successful attempt in this 
field is the mAb described by Nimrod and co-workers, which was based on robust 
predictions of specific residue-residue interactions rather than modeling the entire 
antigen–antibody complex [56]. On the other hand, computational protocols have 
been used with increasing frequency to improve the physicochemical properties of 
previously generated mAbs, as well as to engineer humanized versions of murine 
full-length immunoglobulins, making them like those found in humans [57]. 
Molecular structure-based iterative algorithms have been shown to optimize the 
generation of humanized antibody scaffolds without a significant drop in affinity 
and specificity toward the antigen, compared to the original murine one, and with 
reduced occurrence of structure failures, important drawbacks commonly found 
following conventional humanization techniques, which are mostly guided by 
linear antibody residue sequences [58].

The overall computational antibody discovery scenario is promising and, 
although the design of new biologically active mAbs is still deeply dependent on 
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living animals, the advances in structure prediction methods set the scene for an 
ongoing technological evolution that should potentially lead the future generation 
of these molecules using only in-silico approaches.

3. Alternative methods for mAb production

3.1 Mammalian production systems

As previously mentioned, one of the major utilities of the mammalian expression 
systems is to produce complex biomolecules such as antibodies that require post-
translational modifications like glycosylation [38]. Though other eukaryotic systems 
do provide this modification, their capability of doing so is limited and might result 
in the addition of glycans that are not common in human proteins [59]. This event 
might result in misfolding and biologically inactive immunoglobulins, undesirable 
features in human therapeutic and diagnostic monoclonal antibodies [60]. Also, 
expression in prokaryotic systems might lead to contamination with endotoxins, 
which increases downstream processes to clear these endotoxins from the final 
product. Thereby, the mammalian expression systems are valuable tools to produce 
monoclonal antibodies as well as other proteins with proper structure and activity. 
Indeed, there are numerous FDA-approved mAbs produced in mammalian expres-
sion systems in contrast to prokaryotic systems and other eukaryotic cells [61].

The primary technique for mAb obtention was already originally dependent on 
a mammalian cell: the hybridoma cell [7]. As the high specificity of the monoclonal 
antibodies was making these molecules increasingly useful for various applica-
tions, a hybridoma large-scale cultivation became a great demand in the industry. 
Therefore, the ascites method production was no longer enough to supply bulk 
production, nor feasible due to ethical matters. That way, most research and diag-
nostic proposed mAbs are now produced in vitro, through the harvest and following 
purification of mAb-enriched media obtained in dynamic or non-dynamic cell 
culture systems [62].

In a therapeutic context, although the hybridoma cell lines are still responsible 
for the generation of more than 50% of the FDA-approved mAbs [63], these anti-
bodies are bulk produced in other mammalian host systems [64]. This is due mainly 
to the highly immunogenic nature of murine mAbs for humans, demanding the 
antibodies to be genetically modified (humanization or generation of fragments) 
for human therapeutic use [65]. Besides, many of these mammalian cells had their 
expression machinery highly optimized for recombinant protein production [66].

In the mammalian expression system, cells are readily transfected or transduced 
to introduce foreign DNA that codes for the target protein and then, they are culti-
vated preferably in suspension in a chemically defined serum-free media [59].

The preferred mammalian cell lines for protein expression in research and 
industrial fields are CHO and HEK-293 cells [67]. CHO cells are dominant in 
heterologous protein production in industry, mainly because of advantages like the 
property to provide complex post-translational modifications similar to those of 
humans, their ease to scale-up, and for being easily adapted to grow in serum-free 
suspension cultures [65]. CHO cells are more suited for stable expression, for its 
transfection renders low yields of recombinant protein secretion in this lineage. 
Since establishing a stable cell line is time and labor-consuming, transient trans-
fection is a suitable option to gather high amounts of proteins in a shorter period. 
In this case, HEK cells might represent an interesting option, since they are well-
known for being rather suitable for transient transfection. This cell line also has 
rapid doubling time and grows in high-density concentrations, just like CHO cells, 
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and presents productivity of grams of protein per liter of culture [67, 68], though 
they have somewhat more tendency to clump [69, 70].

The PER.C6 cells are human embryonic retinal cells, and like HEK cells are 
pointed out to promote human glycosylation profiles. They were projected to be 
grown in high-density conditions [71], with stable expression and also offer pro-
duction yields similar to CHO cells, indicating that human cell lines will be more 
economically viable and more easily scalable options for antibody productions [72]. 
There is even description of a production with titers of 27 g/L of antibody, astound-
ing yields when compared to a medium CHO cell production of around 12 g/L of 
antibodies [73]. Although there is still no FDA-approved mAb produced in this 
system, there are already some ongoing clinical and preclinical studies carried out 
with mAbs and other biological products purified from this system, like vaccines 
for influenza, HIV, and Ebola [74–77].

There are other suitable host cell lineages such as murine lymphoid cell lines like 
NS0 and Sp2/0-Ag14, derived from BALB/c mice plasmocytomas, corresponding 
for almost 25% production systems of FDA-approved monoclonal antibodies. One 
of their major advantages is being originated from naturally high immunoglobulin 
producing parental cells. Though, their murine origin is not to be underesti-
mated, for there are reports that they do generate immunogenic glycoforms of the 
expressed antibodies [78].

Concerning the expression vectors for mAb production, usually the plasmids 
carrying the heavy and light chain genes are constructed based mainly into two 
kinds of systems: the dihydrofolate reductase (DHFR) system or glutamyl synthe-
tase (GS) based system, both acting as selection markers [65]. In DHFR, selection 
occurs through glycine, hypoxanthine, and thymidine depletion from the cell 
culture medium. Selected clones are subjected to the addition of methotrexate, a 
folate analog that poisons the cells deficient in DHFR, obliging the cells to further 
synthesize the enzyme with consequent co-amplification of the IgG genes. In the 
GS system, the selection is done in the absence of glutamine, in a way that only cells 
with GS can survive by synthetizing glutamine from glutamate and ammonium. 
Here, the selective pressure is made through increasing doses of the GS inhibi-
tor methionine sulfoximine, pushing the cells to amplify GS and IgG genes [79]. 
Promoter characteristics, inclusion of antibiotic resistance genes, transcription 
termination sequences [poly(A)], and translation control sequences should also be 
taken into account when designing these vectors [80].

In comparison to other production systems, mammalian cells are more fastidi-
ous to culture than bacteria and fungi, for they are larger and do not possess tough 
cell walls like other microorganisms, making them more sensitive to impurities 
naturally occurring from the production system itself. Having them to thrive and 
reproduce in culture after modifications to turn them stable and in conditions to 
secrete the aimed molecule with high yields is a challenge in itself [61, 67]. If one is 
not choosing for the transient transfection, having the stable lineages may also be 
costly and time-consuming.

Independent of the expression system, the correct choice of the production scale 
should be made accordingly to the given necessity. The simplest culture system 
is the static culture, consisted of T bottles with screw caps kept horizontally in 
an incubator. Because of its low maintenance profile and low costs, it is the most 
widely used culture method in the academic research context. It is possible to use 
this system for clone screening and determining experimental conditions, but its 
small-scale nature might not render enough mAb quantity for some other types of 
assays. An option to circumvent this matter might be the use of the rolling systems 
that offer a medium-scale mAb yield. In this condition, roller bottles are positioned 
in a rotation system that causes all cells to be in constant movement, and therefore, 
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all of the components of the culture (cells, nutrients, dissolved gases, and metabo-
lites) are uniformly distributed throughout the volume of the medium. This system 
requires gradual adaptation to cell growth in suspension, starting from very low 
rotation speeds [81–83].

Currently, the bulk production of mAbs in agitated bioreactors is the predomi-
nant cell culture system in the industry because it allows constant control and 
monitoring of the process. The area of   research for innovation in these bioreactors 
has advanced dramatically. In general, bioreactors are used to achieve high cell 
densities and thus increase the production of monoclonal antibodies, biopharma-
ceuticals, and vaccines [84]. Different types of agitated bioreactors have been used 
for the cultivation of mammalian cells, both on a pilot and industrial scales.

3.2 Bacterial and yeast production systems

The use of microorganisms such as bacteria and yeasts is widely used in science 
for several purposes, generally related to antibiotics and probiotics [73]. However, 
both bacteria and yeasts have been getting space in the production of mAbs for 
immunological therapy due to the biopharmaceutical demand and technological 
advances about their ability to produce antibodies by reducing the use of animals 
in the manufacturing process [73]. The motivation behind investments that seek 
to optimize the means of production of mAbs in alternative models stems from the 
manufacturing disadvantages presented in the traditional method with mammalian 
cells, which have been predominantly employed in the expression of these antibod-
ies due to their ability to introduce post-translational modifications similar to those 
human cells [85]. The mammalian expression system is expensive and time-con-
suming, and efforts have been made to express them in different systems. Microbial 
cells of yeasts and bacteria have many advantages, such as typical rapid growth, low 
cultivation costs, and genetics well known in the literature [86]. Microorganisms 
can produce high molecular weight compounds like proteins, perform highly 
selective reactions by their native enzymatic machinery, and also allow the repeated 
introduction of enzymes or immobilized cells [87]. In addition, finally, processes 
that use microorganisms do not generate organic and inorganic pollutants, such as 
mercury and toluene [88]. Still, it was complicated to produce complete antibodies 
in prokaryotes to the detriment of the insecurity of microbial products for human 
use [73]. Fortunately, the FDA published a special set of rules called “Generally 
Recognized as Safe” (GRAS), which guarantees the human safety of microbial 
products and the production of monoclonal antibodies [89]. Thus, several microor-
ganisms were explored. In the case of gram-negative bacteria, Escherichia coli stands 
out, once it has two compartments for protein expression - the cytoplasm and the 
periplasmic space [86]. Gram-negative bacteria also have an oxidizing environment 
which allows the correct formation of disulfide bonds [90].

Whole antibodies can be produced in bacteria and this process is dependent 
on periplasm, which is an essential region for folding the proteins and chains that 
make up the structure of antibodies. Unfortunately, studies reveal very low levels of 
periplasm, which limits the yield for mAbs production [91]. Efforts to produce anti-
bodies in the cytoplasm have not been successful until recently [92]. Gram-positive 
bacteria are more advantageous than gram-negative bacteria because they do not 
produce endotoxins - a highly immunogenic lipopolysaccharide (LPS) produced 
by gram-negative bacteria. Fewer complex eukaryotes such as yeasts have also been 
exploited for the production of mAbs. They have the advantage over prokaryotes 
in similarity with the mammalian protein expression system, allowing the expres-
sion and folding of complex proteins more easily, and yet, as well as gram-positive 
bacteria, do not produce endotoxins [93].
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culture medium. Selected clones are subjected to the addition of methotrexate, a 
folate analog that poisons the cells deficient in DHFR, obliging the cells to further 
synthesize the enzyme with consequent co-amplification of the IgG genes. In the 
GS system, the selection is done in the absence of glutamine, in a way that only cells 
with GS can survive by synthetizing glutamine from glutamate and ammonium. 
Here, the selective pressure is made through increasing doses of the GS inhibi-
tor methionine sulfoximine, pushing the cells to amplify GS and IgG genes [79]. 
Promoter characteristics, inclusion of antibiotic resistance genes, transcription 
termination sequences [poly(A)], and translation control sequences should also be 
taken into account when designing these vectors [80].

In comparison to other production systems, mammalian cells are more fastidi-
ous to culture than bacteria and fungi, for they are larger and do not possess tough 
cell walls like other microorganisms, making them more sensitive to impurities 
naturally occurring from the production system itself. Having them to thrive and 
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not choosing for the transient transfection, having the stable lineages may also be 
costly and time-consuming.

Independent of the expression system, the correct choice of the production scale 
should be made accordingly to the given necessity. The simplest culture system 
is the static culture, consisted of T bottles with screw caps kept horizontally in 
an incubator. Because of its low maintenance profile and low costs, it is the most 
widely used culture method in the academic research context. It is possible to use 
this system for clone screening and determining experimental conditions, but its 
small-scale nature might not render enough mAb quantity for some other types of 
assays. An option to circumvent this matter might be the use of the rolling systems 
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all of the components of the culture (cells, nutrients, dissolved gases, and metabo-
lites) are uniformly distributed throughout the volume of the medium. This system 
requires gradual adaptation to cell growth in suspension, starting from very low 
rotation speeds [81–83].

Currently, the bulk production of mAbs in agitated bioreactors is the predomi-
nant cell culture system in the industry because it allows constant control and 
monitoring of the process. The area of   research for innovation in these bioreactors 
has advanced dramatically. In general, bioreactors are used to achieve high cell 
densities and thus increase the production of monoclonal antibodies, biopharma-
ceuticals, and vaccines [84]. Different types of agitated bioreactors have been used 
for the cultivation of mammalian cells, both on a pilot and industrial scales.

3.2 Bacterial and yeast production systems

The use of microorganisms such as bacteria and yeasts is widely used in science 
for several purposes, generally related to antibiotics and probiotics [73]. However, 
both bacteria and yeasts have been getting space in the production of mAbs for 
immunological therapy due to the biopharmaceutical demand and technological 
advances about their ability to produce antibodies by reducing the use of animals 
in the manufacturing process [73]. The motivation behind investments that seek 
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manufacturing disadvantages presented in the traditional method with mammalian 
cells, which have been predominantly employed in the expression of these antibod-
ies due to their ability to introduce post-translational modifications similar to those 
human cells [85]. The mammalian expression system is expensive and time-con-
suming, and efforts have been made to express them in different systems. Microbial 
cells of yeasts and bacteria have many advantages, such as typical rapid growth, low 
cultivation costs, and genetics well known in the literature [86]. Microorganisms 
can produce high molecular weight compounds like proteins, perform highly 
selective reactions by their native enzymatic machinery, and also allow the repeated 
introduction of enzymes or immobilized cells [87]. In addition, finally, processes 
that use microorganisms do not generate organic and inorganic pollutants, such as 
mercury and toluene [88]. Still, it was complicated to produce complete antibodies 
in prokaryotes to the detriment of the insecurity of microbial products for human 
use [73]. Fortunately, the FDA published a special set of rules called “Generally 
Recognized as Safe” (GRAS), which guarantees the human safety of microbial 
products and the production of monoclonal antibodies [89]. Thus, several microor-
ganisms were explored. In the case of gram-negative bacteria, Escherichia coli stands 
out, once it has two compartments for protein expression - the cytoplasm and the 
periplasmic space [86]. Gram-negative bacteria also have an oxidizing environment 
which allows the correct formation of disulfide bonds [90].

Whole antibodies can be produced in bacteria and this process is dependent 
on periplasm, which is an essential region for folding the proteins and chains that 
make up the structure of antibodies. Unfortunately, studies reveal very low levels of 
periplasm, which limits the yield for mAbs production [91]. Efforts to produce anti-
bodies in the cytoplasm have not been successful until recently [92]. Gram-positive 
bacteria are more advantageous than gram-negative bacteria because they do not 
produce endotoxins - a highly immunogenic lipopolysaccharide (LPS) produced 
by gram-negative bacteria. Fewer complex eukaryotes such as yeasts have also been 
exploited for the production of mAbs. They have the advantage over prokaryotes 
in similarity with the mammalian protein expression system, allowing the expres-
sion and folding of complex proteins more easily, and yet, as well as gram-positive 
bacteria, do not produce endotoxins [93].
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Among yeasts, Pichia pastoris and Saccharomyces cerevisiae dominate the field in the 
production of antibodies [86]. S. cerevisiae is promising due to the advantage of being 
well characterized, but the correct folding of chains and proteins and low yields are 
problems to be faced. On the other hand, P. pastoris does not secrete many endogenous 
proteins that need to be removed in the mAbs production process [94]. Yeasts have cel-
lular glycosylation machinery, however, their proteins exhibit types of glycosylation 
completely different from human proteins, and this results in a significant reduction 
in therapeutic effector functions [95]. Whether from yeasts or bacteria, native full-
length mAbs need to be glycosylated during their synthesis, but this is an obstacle that 
has yet to be overcome for better production efficiency in microbial hosts. The glyco-
sylation status of the Fc region is critical for the recruitment of serum proteins from 
the complement system and the destruction of target cells by complement-dependent 
cytotoxicity (CDC) cascades [95]. This is the main reason why the method of produc-
ing mAbs in mammalian cells is still the most applied [91]. Until 2020, there are 151 
recombinant therapeutic proteins approved by the FDA, one-third of them are mAbs 
but there are many other mAbs under development. Among these mAbs, only two are 
antigen-binding fragments (Fabs) that are produced in the periplasm of the bacteria 
E. coli: ranibizumab and certolizumab pegol. The first, ranibizumab, approved in 
2006, is an IgG1 Fab fragment used to treat neovascular age-related macular genera-
tion and macular edema after retinal vein occlusion. Certolizumab pegol is also a 
humanized Fab fragment, approved in 2008 for the treatment of Crohn’s disease and 
rheumatoid arthritis. Therefore, since the advent of mAb therapy, the biopharmaceu-
tical industry has been investing considerable resources in new bioprocesses for the 
manufacture of glycosylated antibodies that attach human IgG-like glycans through 
alternative host expression [95].

3.3 Plant-based antibody production systems

To produce antibodies in plants, a transformation is mediated by a bacterium 
that infects plants, called Agrobacterium. The bacterium then loads the expression 
vector with the antibody gene, thus generating the transgenic plants that express the 
desired antibody. The transformed Agrobacterium is inoculated into the leaf slices of 
the plants. These slices regenerate in 3–4 weeks. Small shoots are then formed from 
the callus and transferred to a plant cultivation box in vitro. For the production of 
biomass, in vitro transgenic plants are transferred to a soil pot and grown in a green-
house [96]. The most used plant systems are tobacco and alfalfa because they are the 
most accessible and common sources of leaf biomass. Tobacco has great advantages, 
such as high leaf biomass yield and rapid scaling up through easy seed production 
compared to other plant species. However, tobacco contains nicotine and other toxic 
alkaloids that need to be removed through an additional extraction step [97].

The plant system offers important advantages, such as high production capacity, 
low cost in the large-scale cultivation process, in addition to avoiding ethical prob-
lems associated with animals [98]. Another important advantage of using this system 
is found in post-translational protein modifications, which occur in plant cells in a 
similar way to animal cells, as well as in the correct assembly of complex molecules, 
such as antibodies, are aided by chaperones that mediate folding and the formation 
of disulfide bonds, while the addition of N-glycans is carried out by specific cellular 
glycosyltransferases. In fact, while core N-glycans are similar in plants and mammals, 
complex N-glycans show substantial differences with sialic acid [99–101].

In addition, there is a possibility to design a custom antibody glycosylation 
profile, and production can be enlarged simply by increasing the number of 
plants [102]. In comparison with the systems described earlier, the use of plants 
for the production of antibodies offers several irreplaceable benefits. Plants are 
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widespread, abundant, and develop more quickly because they normally mature 
after a growing season. It is possible to put the product on the market quickly, which 
ends up decreasing the cost of production. Plants also reduce screening costs for 
bacterial toxins, viruses, and prions because they are less likely to introduce animal 
pathogens than mammalian cells or animals [98].

The disadvantages of this system are found in the low yield of protein expres-
sion, the downstream processing problems related to the extraction of proteins 
from leaves, and some regulatory obstacles [103].

The first pioneering study on the production of full-size IgG in plants dates 
back almost 30 years ago [104]. Since then, different antibody formats have been 
expressed in plants, such as IgA, Fab fragments, minibodies, and scFvs [103]. The 
first drug from plant cells to receive FDA approval for human use was the enzyme 
β-glucocerebrosidase, commercially called ELELYSO, indicated for the treatment 
of patients with a confirmed diagnosis of Type 1 Gaucher disease [105]. Thereafter, 
Medicago Inc. developed a quadrivalent plant-derived seasonal influenza vac-
cine that recently completed Phase III clinical trials [106]. A study published in 
September 2020 positively demonstrated the expression of a scFv 13F6 antibody 
with binding activity against Ebola virus-like particles in a plant system [107, 108]. 
Of the antibodies produced by plants, there are already 6 against viruses, 5 against 
tumors, and 3 against bacteria [97].

Therefore, given the data presented and the clear advantages, we can say that the 
plant system is quite efficient and may, in the future, be widely used in the produc-
tion of antibodies both in basic research and on an industrial scale.

4. Conclusions

Bearing in mind that obtaining high specificity and affinity mAbs is not trivial, 
there is a great race to develop methodologies that can meet the most varied demands. 
An overview of the main technologies clearly shows that the total replacement of ani-
mals’ use in the generation and production of mAbs is not possible for the moment. 
We believe that this will only be reached when the in silico technology is fully domi-
nated. But as the implementation of alternative methods must be seen as a process, 
reducing and refining the use of animals are achievements. Thus, the different types 
of antibody display libraries represent a major breakthrough. As described, the source 
of genes for building the libraries may imply greater or lesser use of animals and only 
synthetic display libraries completely dispense the use of animals. In the same way, 
for the production of mAbs, several possibilities are currently available. The impor-
tant thing in the production stage is that the use of ascites, a proceeding that brings 
pain and stress to animals, may already be eliminated in most cases. Invariably, the 
purpose and amount of the mAb to be produced will determine the choice of obtain-
ing and production methodologies. Given the great utility and diversity of mAb uses, 
ranging from therapeutic application to essential research tools, and the wide range 
of technologies available today for obtaining and producing them, it seems a fact that 
it is always possible to choose or design a path that meets the concept of 3Rs.
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Among yeasts, Pichia pastoris and Saccharomyces cerevisiae dominate the field in the 
production of antibodies [86]. S. cerevisiae is promising due to the advantage of being 
well characterized, but the correct folding of chains and proteins and low yields are 
problems to be faced. On the other hand, P. pastoris does not secrete many endogenous 
proteins that need to be removed in the mAbs production process [94]. Yeasts have cel-
lular glycosylation machinery, however, their proteins exhibit types of glycosylation 
completely different from human proteins, and this results in a significant reduction 
in therapeutic effector functions [95]. Whether from yeasts or bacteria, native full-
length mAbs need to be glycosylated during their synthesis, but this is an obstacle that 
has yet to be overcome for better production efficiency in microbial hosts. The glyco-
sylation status of the Fc region is critical for the recruitment of serum proteins from 
the complement system and the destruction of target cells by complement-dependent 
cytotoxicity (CDC) cascades [95]. This is the main reason why the method of produc-
ing mAbs in mammalian cells is still the most applied [91]. Until 2020, there are 151 
recombinant therapeutic proteins approved by the FDA, one-third of them are mAbs 
but there are many other mAbs under development. Among these mAbs, only two are 
antigen-binding fragments (Fabs) that are produced in the periplasm of the bacteria 
E. coli: ranibizumab and certolizumab pegol. The first, ranibizumab, approved in 
2006, is an IgG1 Fab fragment used to treat neovascular age-related macular genera-
tion and macular edema after retinal vein occlusion. Certolizumab pegol is also a 
humanized Fab fragment, approved in 2008 for the treatment of Crohn’s disease and 
rheumatoid arthritis. Therefore, since the advent of mAb therapy, the biopharmaceu-
tical industry has been investing considerable resources in new bioprocesses for the 
manufacture of glycosylated antibodies that attach human IgG-like glycans through 
alternative host expression [95].

3.3 Plant-based antibody production systems

To produce antibodies in plants, a transformation is mediated by a bacterium 
that infects plants, called Agrobacterium. The bacterium then loads the expression 
vector with the antibody gene, thus generating the transgenic plants that express the 
desired antibody. The transformed Agrobacterium is inoculated into the leaf slices of 
the plants. These slices regenerate in 3–4 weeks. Small shoots are then formed from 
the callus and transferred to a plant cultivation box in vitro. For the production of 
biomass, in vitro transgenic plants are transferred to a soil pot and grown in a green-
house [96]. The most used plant systems are tobacco and alfalfa because they are the 
most accessible and common sources of leaf biomass. Tobacco has great advantages, 
such as high leaf biomass yield and rapid scaling up through easy seed production 
compared to other plant species. However, tobacco contains nicotine and other toxic 
alkaloids that need to be removed through an additional extraction step [97].

The plant system offers important advantages, such as high production capacity, 
low cost in the large-scale cultivation process, in addition to avoiding ethical prob-
lems associated with animals [98]. Another important advantage of using this system 
is found in post-translational protein modifications, which occur in plant cells in a 
similar way to animal cells, as well as in the correct assembly of complex molecules, 
such as antibodies, are aided by chaperones that mediate folding and the formation 
of disulfide bonds, while the addition of N-glycans is carried out by specific cellular 
glycosyltransferases. In fact, while core N-glycans are similar in plants and mammals, 
complex N-glycans show substantial differences with sialic acid [99–101].

In addition, there is a possibility to design a custom antibody glycosylation 
profile, and production can be enlarged simply by increasing the number of 
plants [102]. In comparison with the systems described earlier, the use of plants 
for the production of antibodies offers several irreplaceable benefits. Plants are 
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widespread, abundant, and develop more quickly because they normally mature 
after a growing season. It is possible to put the product on the market quickly, which 
ends up decreasing the cost of production. Plants also reduce screening costs for 
bacterial toxins, viruses, and prions because they are less likely to introduce animal 
pathogens than mammalian cells or animals [98].

The disadvantages of this system are found in the low yield of protein expres-
sion, the downstream processing problems related to the extraction of proteins 
from leaves, and some regulatory obstacles [103].

The first pioneering study on the production of full-size IgG in plants dates 
back almost 30 years ago [104]. Since then, different antibody formats have been 
expressed in plants, such as IgA, Fab fragments, minibodies, and scFvs [103]. The 
first drug from plant cells to receive FDA approval for human use was the enzyme 
β-glucocerebrosidase, commercially called ELELYSO, indicated for the treatment 
of patients with a confirmed diagnosis of Type 1 Gaucher disease [105]. Thereafter, 
Medicago Inc. developed a quadrivalent plant-derived seasonal influenza vac-
cine that recently completed Phase III clinical trials [106]. A study published in 
September 2020 positively demonstrated the expression of a scFv 13F6 antibody 
with binding activity against Ebola virus-like particles in a plant system [107, 108]. 
Of the antibodies produced by plants, there are already 6 against viruses, 5 against 
tumors, and 3 against bacteria [97].

Therefore, given the data presented and the clear advantages, we can say that the 
plant system is quite efficient and may, in the future, be widely used in the produc-
tion of antibodies both in basic research and on an industrial scale.

4. Conclusions

Bearing in mind that obtaining high specificity and affinity mAbs is not trivial, 
there is a great race to develop methodologies that can meet the most varied demands. 
An overview of the main technologies clearly shows that the total replacement of ani-
mals’ use in the generation and production of mAbs is not possible for the moment. 
We believe that this will only be reached when the in silico technology is fully domi-
nated. But as the implementation of alternative methods must be seen as a process, 
reducing and refining the use of animals are achievements. Thus, the different types 
of antibody display libraries represent a major breakthrough. As described, the source 
of genes for building the libraries may imply greater or lesser use of animals and only 
synthetic display libraries completely dispense the use of animals. In the same way, 
for the production of mAbs, several possibilities are currently available. The impor-
tant thing in the production stage is that the use of ascites, a proceeding that brings 
pain and stress to animals, may already be eliminated in most cases. Invariably, the 
purpose and amount of the mAb to be produced will determine the choice of obtain-
ing and production methodologies. Given the great utility and diversity of mAb uses, 
ranging from therapeutic application to essential research tools, and the wide range 
of technologies available today for obtaining and producing them, it seems a fact that 
it is always possible to choose or design a path that meets the concept of 3Rs.
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A monoclonal antibody (mAb) binds to an antigen recognizing an epitope
(a sequence of amino acids). A protein antigen may carry amino acid sequence
unique to that antigen as well as sequences found in other proteins. Human leuko-
cyte antigens (HLA), a family of proteins expressed by the Major Histocompatibil-
ity Complex gene family represent a special case, in that it displays a high degree of
polymorphism. Every HLA molecule possesses both specific (private) epitopes and
epitopes shared (public) with other HLA class Ia and class Ib molecules. HLA-E is
overexpressed in cancer cells more than any other HLA Class I molecules. Therefore
specific localization of HLA-E with mAbs is pivotal for developing targeted therapy
against cancer. However, the commercially available mAbs for immunodiagnosis
are polyreactive. We have developed anti-HLA-E mAbs and distinguished mono-
specific from polyreactive mAbs using Luminex multiplex single antigen bead
(SAB) assay. HLA-E-binding of monospecific-mAbs was also inhibited by
E-restricted epitopes. The amino acid sequences in the region of the epitopes bind to
CD94/NKG2A receptors on CD8+ T cells and NK cells and block their antitumor
functions. Monospecific-HLA-E mAbs recognizing the epitopes sequences can
interfere with the binding to restore the anti-tumor efficacy of NK cells. Also,
monospecific-mAbs augment the proliferation of CD4-/CD+ cytotoxic
T-lymphocytes. Therefore, anti-HLA-E monospecific-mAb can serve as a
double-edged sword for eliminating tumor cells.
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1. Introduction

An in-depth understanding of amino acid sequences and conformations of pri-
mary antigens recognized by any monoclonal antibody (mAb) is a necessary pre-
requisite for clarifying the specificity and functional limitations of a mAb. A protein
antigen may be glycosylated or can occur as a monomer or a dimer or a trimer.
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In this regard, human leukocyte antigen (HLA) classes are a structurally identical
complex family of glycosylated homo- or hetero-dimeric proteins. They are
expressed on cell surface complexed with an exogenous or endogenous peptide, as
trimers. Defining the monospecificity of mAb raised against one family member of
HLA is challenging. Often anti-HLA mAbs are polyreactive in that they bind to
sequences common to all family member antigens, which are also known as “public
epitopes”. It is difficult to identify mAbs binding to unique sequences or private
epitopes. Identifying such monospecific mAbs are critical for defining specific
functions of antigens. Although sensitive and specific assay protocols are available
to define the monospecificity of mAbs, many commercial mAbs, apparently specific
for a unique HLA antigen, remain without defining their monospecificity. This
review aims to distinguish monospecific mAbs that recognize private epitopes from
polyreactive mAbs that bind to public epitopes of one of the HLA class Ib molecules,
namely HLA-E, commonly overexpressed on human cancers. A pool of mouse
mAbs was developed at Terasaki Foundation Laboratory (TFL) after immunizing
with HLA-E. After validating the monospecificity of anti-HLA-E mAbs, their diag-
nostic and therapeutic potentials have been evaluated. These include (i)
immunolocalization of cell surface expression HLA-E on human cancers, (ii)
upregulation of CD8+ cytotoxic T lymphocytes, and (iii) restoration of antitumor
activity of CD8+ T cells, NKT cells, and NK cells by preventing binding of HLA-E
expressed on cancer cells to the inhibitory receptors (CD94/NKG2A) on the
immune cells.

2. Nature and characteristics of human leukocyte antigens

Human Leukocyte antigens (HLA) are a subgroup of the Major Histocompati-
bility Complex (MHC) gene family. The genes that encode the HLA class-I and
class-II antigens are located on the short arm of human chromosome 6 [1]. Three
constituent regions of the HLA gene complex are illustrated in Figure 1. Class, I
genes are those encoding the heavy chains (HC) or α chains, of the six class I
isoforms HLA-A, -B, -C, -E, -F, and -G. Extensive polymorphism of the
glycosylated heavy chains of these HLA molecules are presented in Table 1. We
carry a pair of alleles that represent each isoform derived from their mother and
father (Table 2). Understanding HLA profiles of a patient is necessary when
administering mAbs targeting a particular HLA molecule, for amino acid sequences
of target HLA may cross-react with other HLA alleles of the patient. Native HLA-I

Figure 1.
Profile of the HLA gene complex on chromosome 6. All regions contain additional genes.
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proteins are expressed on the cell surface as hetero-dimers, in combination with β2-
microglobulin (β2-m) (Figure 2A). The gene encoding β2-m is situated on human
chromosome 15. The hetero-dimers may also carry a peptide to form a trimer
(Figure 2B), which is designated as “Closed Conformers (CCs)” [2]. Under the
influence of cytokines (e.g. IFN- ɣ) and other activating factors (e.g. T-cell

HLA Class I

Gene A B C E F G

Alleles 6,291 7,582 6,223 256 45 82

Proteins 3,896 4,803 3,681 110 6 22

Table 1.
Numbers of HLA alleles (as of September 2020) and their proteins. See updated information at https://www.
ebi.ac.uk/ipd/imgt/hla/stats.html.

PROFILES OF HLA TYPING: HLA ISOFORMS AND THEIR ALLELES

HLA CLASS ISOFORMS BROTHER* SISTER

I A* [11:02] [33:01] [01:01] [11:02]

I B* [15:01] [58:01] [40:01] [57:01]

I C* [15:02] [15:02] [03:04] [06:02]

II DRB1 [04:03] [13:02] [07:01] [11:01]

II DRB3,4,5 [3*03:01] [4*01:01] [3*02:02] [4*01:01]

II DQA [01:02] [03:01] [01:02] [03:01]

II DQB [03:01] [06:09] [02:02] [03:01]

II DPA [01:03] [01:03] [01:03] [02:01]

II DPB [02:01] [03:01] [01:07] [01:11]

*Mepur H. Ravindranath (brother) and his first sister.
The alleles in bold letters refer to alleles shared by the brother and the sister.

Table 2.
Pair of HLA alleles representing each of the commonly typed HLA isoforms.

Figure 2.
(A) Conformational structure of HLA class I. the native HLA-I proteins are expressed on the cell surface as
hetero-dimers, the heavy chain in combination with β2-microglobulin (β2-m). (B) the hetero-dimer on the cell
surface may carry a short peptide to generate trimeric structure, designated as “closed conformer”(CC).
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antibodies) or during inflammation, infection and tumorigenesis, the surface of
metabolically active cells express only monomeric HLA heavy chains, called “Open
Conformers (OCs) [3]. The examples include human T-lymphocytes activated
in vitro and in vivo, as well as by EBV-transformed B-cells, CD19+ B-cells, CD8+ T
cells, CD56+ NK-cells, CD14+ monocytes, extravillous trophoblasts and monocytes,
dendritic cells (DCs), B-cell lines (RAJI, NALM6), and the myeloid cell line (KG-
1A) [4–12]. The kinetics of conformational alterations in the naturally-occurring
HLA-I OCs after activation has been investigated in healthy human T-cells [11]. The
cytoplasmic c-terminal tail of naturally-occurring HLA-I OCs is tyrosine phosphor-
ylated and plays a role in signal transduction [11].

HLA-I on antigen-presenting cells presents endogenous (intracellular) peptides.
Importantly, viral peptides that have been broken by the proteasome are trans-
ferred to the endoplasmic reticulum (ER) via transporters (TAP). In ER, peptides
are processed with OCs of HLA-I and exported to the cell surface as a trimer for
presentation to T-cell receptors of CD8+ T-cells. This strategy kills the cell, thus
preventing viral replication. After antigen presentation, the HLA-I is degraded
(Figure 3). Ultimately, such degradation results in exposing the cryptic epitopes on
the OCs to an individual’s own immune system. Antibodies formed against the
cryptic epitopes eliminate the degraded HLA from the circulation. The antibody-
producing cells may remain hidden and silent for long periods. They are referred to
as “long-lived B cells” [13]. Evidently, anti-HLA antibodies occur in normal and
healthy individuals [14–16], as well as in the pooled and purified plasma also known
as intravenous immunoglobulin (IVIg) [16, 17].

3. Diagnostic and clinical relevance of non-classical HLA class Ib
antigens

Unlike classical HLA-Ia (HLA-A, HLA-B & HLA-C), non-classical HLA-Ib
(HLA-E, HLA-F & HLA-G) genes and molecules are oligotrophic, with restricted
and selective tissue distribution [18–20]. HLA-Ib molecules are expressed in a
diverse array of cells including T and B lymphocytes, Natural Killer Cells, mono-
cytes, macrophages, megakaryocytes, and organs i.e., lymph nodes, spleen, skin,
salivary glands, thyroid, stomach, liver, kidney, urinary bladder, endometrial, and

Figure 3.
The fate of HLA-I molecule after antigen presentation.
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trophoblasts. Their overexpression is reported on activated T cells bone
marrow cells inflamed cells and tissues (e.g. synovial fibroblasts), tumor cells
[21–24].

The HLA-Ib molecules are capable of interacting with cell-surface receptors
present on specific immune-cell subsets, inducing activation or inhibition of signal-
ing cascades within such specific immune cells as NK cells, macrophages, and
dendritic cells [25–27]. Their interaction with different immunomodulatory (acti-
vating and/or inhibiting) cell-surface receptors on NK cells and macrophages sig-
nify their role in innate immunity; these receptors include CD94/NKG2, Ig-like
transcript 2 (ILT2), Ig-like transcript 4 (ILT4), KIR2DL4, and CD160. These inter-
actions are a component of innate immunity [27]; e.g., HLA-Ib is expressed during
pregnancy, playing a major role in tolerance shown towards the fetus and placenta
[28–34]. HLA-Ib molecules also generate a pool of antibodies in vivo, which may
include monospecific or polyreactive (cross-reactive with other HLA-I molecule
[16, 35–39]. Soluble HLA-Ib is also found in the synovial fluid and the circulation of
healthy and in cancer patients [40–42].

4. Human leukocyte antigen-E (HLA-E)

4.1 Unique characteristics of HLA-E

Although several alleles of HLA-E (Table 1) exist, only two are extensively
distributed among different ethnic groups [43]. The alleles differ by a single
amino acid at position 107 [44–46]; Arginine in HLA-ER107 (HLAE*01:01) is
replaced by glycine in HLA-EG107 (HLA-E*03:01) [45]. Such amino acid substitu-
tion influence thermal stability, which results in a more stable expression of cell
surface HLA-E*01:03 compared to HLA-E*01:01 [44], including half-life of the
molecule. HLA-E*01:01 and HLA-E*03:01 bind to different restricted sets of
peptides.

HLA-E present peptides derived from HLA-Ia signal sequences (leader pep-
tides), heat-shock protein (Hsp-60), human cytomegalovirus, Hepatitis C virus,
Human Immunodeficiency Virus, Epstein Barr virus, Influenza virus, Salmonella
enteric and Mycobacterium glycoproteins to T-lymphocytes [46–49]. The binding of
HLA-E to the leader peptides of HLA-Ia stabilizes the HLA-E and enables migration
to the cell surface [49]. When HLA-E does not reach the cell surface of a tumor cell,
the cell is susceptible to lysis by NK cells. The crystallographic analyses of HLA-E
structure reveals the molecular mechanisms underlying this function of HLA-E
[24]. Importantly, tumor-associated HLA-E can be shed into the tumor microenvi-
ronment and circulation as soluble HLA-E (sHLA-E) [23, 50–56].

4.2 HLA-E expression on cancer cells using mAb-based diagnostic assays:
Limitations and reliability

The literature (Table 3) on HLA-E expression on human cancers based on the
commercially available diagnostic anti-HLA-E mAbs tests, reveals that none of the
diagnostic mAbs were tested for their unique or monospecificity for HLA-E. If the
mAb is not specific for the unique epitopes of antigen and if it binds to public
epitopes or epitopes shared by a family of antigens, then data is unjustified to
conclude the expression HLA-E. Principally this criterion is valid for any diagnostic
or therapeutic antibody. We have undertaken efforts to examine, using Luminex
multiplex SAB assay, the specificity of commercial anti-HLA-E mAbs employed in
the 47 clinical studies (Table 3). Summary of the results [16, 21, 35–39, 96–98] is
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presented in Figure 4 show that the commercial anti-HLA-EmAbs react with HLA-A,
HLA-B and HLA-C in the following order: MEM-06 >MEM-02 >MEM-07 >MEM
>08 >> > 3D12. That the mAbs are recognizing the epitopes shared with several HLA-
Ia (HLA-A, HLA-B, HLA-C) antigens confirms that none of the above mAbs are
specific for HLA-E. Therefore conclusions concerning the expression of HLA-E in
human cancers require further validation with monospecific anti-HLA-E mAbs.

5. Anti-HLA-E mAbs: Characteristics, diagnostic and therapeutic
potentials

5.1 The technology that clarifies monospecificity or polyreactivity of a mAb of
MHC

Luminex multiplex assays are based on xMAP (Multi-Analyte Profiling) tech-
nology that enables simultaneous detection and quantitation of antibodies reacting
to multiple proteins simultaneously, using detection mAbs [16, 17, 21, 35–39, 96–98].
The results are comparable to assays such as ELISA but with greater specificity,
sensitivity and resolution. The technology employs superparamagnetic 6.5-micron
microspheres with a magnetic core and polystyrene surface. The beads are
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internally dyed with precise proportions of red and infrared fluorophores. The
Luminex xMAP detection systems identifies differing proportions of the red and
infrared fluorophores that result in 100 unique spectral signature microspheres. The
antigens are individually attached to polystyrene microspheres by a process of
simple chemical coupling. The conjugation of a mAb to one or more of the antigen-
coated beads allows it to be evaluated for the mono- or polyreactivity of mAb

Figure 4.
HLA-IA-polyreactivity of the commercial anti-HLA-E mAbs indicates that these mAbs cannot be considered
monospecific or specific for HLA-E. The mAbs were tested at a dilution of 1/300. These mAbs were used to
conclude on the expression of HLA-E on human cancers.

50

Monoclonal Antibodies

[96–98]. Figure 5 illustrates the SAB Assay used for determining the monospecific-
ity or polyreactivity of mAbs as well as evaluating the strength of the antibodies
measured as mean fluorescent intensity (MFI) at specified dilution. The assay is also
used to measure antibody specificity by peptide inhibition assays, to define the
epitope-specificity of a mAb. Commercial HLA class I or II beadsets are commer-
cially available as LABScreen (One Lambda Inc., now merged with Thermofisher
Inc) and LIFECODES (Immucore Inc)]. The both beadsets together is useful to
distinguish CCs from OCs of HLA-I molecules, using a mAb (HLA-I mAb,
TFL-006) (See Table 7 in [99]).

5.2 Development of mAbs against HLA-E

Following guidelines of the National Research Council’s Committee on Methods
of Producing Monoclonal Antibodies [35, 98, 100], 235 anti-HLA-E mAbs were
generated immunizing mice with recombinant HCs of HLA-ER107 (Immune Moni-
toring Lab, Fred Hutchinson Cancer Research Center, University of Washington,
Seattle, WA) (10 mg/ml in MES buffer). In a separate mouse model, HLA-EG107

(heavy-chain only) was used as an immunogen. The β2m-free HC of HLA-E (50 μΜ
in 100 mL of PBS (pH 7.4) mixed with 100 mL of TiterMaxVR Gold adjuvant
(CytRx, San Diego, CA) were injected into the mouse footpad and intraperitoneum.
Three immunizations were given at 12-day intervals. The B cell clones were cul-
tured in RPMI 1640 medium w/L-glutamine and sodium bicarbonate (Sigma-
Aldrich, St. Louis, MO, cat. no. R8758), 15% fetal calf serum, 0.29 mg/ml L-
glutamine, Pen-Strep (Gemini-Bio, MEd Supply Partners, Atlanta, GA, cat. no.
400–110) and 1 mM sodium pyruvate (Sigma, cat. no. S8636). Several clones were
grown using Hybridoma Fusion and Cloning Supplement (HFCS) (Roche Applied
Science, Indianapolis, IN, cat. no. 11363735001). The purified-mAbs from HLA-E
hybridoma culture supernatants and ascites of hybridoma immunized in BALB/c
mice were examined for HLA-I reactivity using Luminex SAB Assay.

5.3 Characterizing the diversity of anti-HLA-E mAbs using single antigen bead
(SAB) assay

The HLA-I reactivity of the mAbs was examined by their dose-dependent binding
to microbeads coated with 31 HLA-A, 50 HLA-B, and 16 HLA-C antigens and with
recombinant single alleles of HLA-E, -F, and -G [35, 98, 100]. The HLA-Ia microbeads
have built-in control beads: positive beads coated with human IgG and negative
beads coated with serum albumin (human or bovine). For HLA-Ib, the control beads

Figure 5.
Luminex single antigen bead assay is used to determine the monospecificity or polyreactivity of the mAbs as well as to
determine the strength of the antibodies measured asmean fluorescent intensity (MFI) at specified dilution. The assay
is also used to measure the antibody strength titrimetrically. Using peptide inhibition assay epitope affinity or
specificity of a mAb can be studied to determine monospecificity or polyreactivity of the mAb. Using a mAb (e.g.,
HLA-I mAb,TFL-006) recognizing the most commonly shared epitope of an HLA-I (or HLA-II) in an open
conformer, the commercial beads can be distinguished as those containing open conformers or closed conformers.

51

Monospecific and Polyreactive Monoclonal Antibodies against Human Leukocyte Antigen-E…
DOI: http://dx.doi.org/10.5772/intechopen.95235



internally dyed with precise proportions of red and infrared fluorophores. The
Luminex xMAP detection systems identifies differing proportions of the red and
infrared fluorophores that result in 100 unique spectral signature microspheres. The
antigens are individually attached to polystyrene microspheres by a process of
simple chemical coupling. The conjugation of a mAb to one or more of the antigen-
coated beads allows it to be evaluated for the mono- or polyreactivity of mAb

Figure 4.
HLA-IA-polyreactivity of the commercial anti-HLA-E mAbs indicates that these mAbs cannot be considered
monospecific or specific for HLA-E. The mAbs were tested at a dilution of 1/300. These mAbs were used to
conclude on the expression of HLA-E on human cancers.

50

Monoclonal Antibodies

[96–98]. Figure 5 illustrates the SAB Assay used for determining the monospecific-
ity or polyreactivity of mAbs as well as evaluating the strength of the antibodies
measured as mean fluorescent intensity (MFI) at specified dilution. The assay is also
used to measure antibody specificity by peptide inhibition assays, to define the
epitope-specificity of a mAb. Commercial HLA class I or II beadsets are commer-
cially available as LABScreen (One Lambda Inc., now merged with Thermofisher
Inc) and LIFECODES (Immucore Inc)]. The both beadsets together is useful to
distinguish CCs from OCs of HLA-I molecules, using a mAb (HLA-I mAb,
TFL-006) (See Table 7 in [99]).

5.2 Development of mAbs against HLA-E

Following guidelines of the National Research Council’s Committee on Methods
of Producing Monoclonal Antibodies [35, 98, 100], 235 anti-HLA-E mAbs were
generated immunizing mice with recombinant HCs of HLA-ER107 (Immune Moni-
toring Lab, Fred Hutchinson Cancer Research Center, University of Washington,
Seattle, WA) (10 mg/ml in MES buffer). In a separate mouse model, HLA-EG107

(heavy-chain only) was used as an immunogen. The β2m-free HC of HLA-E (50 μΜ
in 100 mL of PBS (pH 7.4) mixed with 100 mL of TiterMaxVR Gold adjuvant
(CytRx, San Diego, CA) were injected into the mouse footpad and intraperitoneum.
Three immunizations were given at 12-day intervals. The B cell clones were cul-
tured in RPMI 1640 medium w/L-glutamine and sodium bicarbonate (Sigma-
Aldrich, St. Louis, MO, cat. no. R8758), 15% fetal calf serum, 0.29 mg/ml L-
glutamine, Pen-Strep (Gemini-Bio, MEd Supply Partners, Atlanta, GA, cat. no.
400–110) and 1 mM sodium pyruvate (Sigma, cat. no. S8636). Several clones were
grown using Hybridoma Fusion and Cloning Supplement (HFCS) (Roche Applied
Science, Indianapolis, IN, cat. no. 11363735001). The purified-mAbs from HLA-E
hybridoma culture supernatants and ascites of hybridoma immunized in BALB/c
mice were examined for HLA-I reactivity using Luminex SAB Assay.

5.3 Characterizing the diversity of anti-HLA-E mAbs using single antigen bead
(SAB) assay

The HLA-I reactivity of the mAbs was examined by their dose-dependent binding
to microbeads coated with 31 HLA-A, 50 HLA-B, and 16 HLA-C antigens and with
recombinant single alleles of HLA-E, -F, and -G [35, 98, 100]. The HLA-Ia microbeads
have built-in control beads: positive beads coated with human IgG and negative
beads coated with serum albumin (human or bovine). For HLA-Ib, the control beads

Figure 5.
Luminex single antigen bead assay is used to determine the monospecificity or polyreactivity of the mAbs as well as to
determine the strength of the antibodies measured asmean fluorescent intensity (MFI) at specified dilution. The assay
is also used to measure the antibody strength titrimetrically. Using peptide inhibition assay epitope affinity or
specificity of a mAb can be studied to determine monospecificity or polyreactivity of the mAb. Using a mAb (e.g.,
HLA-I mAb,TFL-006) recognizing the most commonly shared epitope of an HLA-I (or HLA-II) in an open
conformer, the commercial beads can be distinguished as those containing open conformers or closed conformers.

51

Monospecific and Polyreactive Monoclonal Antibodies against Human Leukocyte Antigen-E…
DOI: http://dx.doi.org/10.5772/intechopen.95235



(both positive and negative) were added separately. PE-conjugated anti-human
IgG-detectionmAbswere used for immunolocalization ofmAb bound toHLA antigens
coated on beads [35–37, 96–100].Table 4 summarizes the diverse types of mAbs
observed after immunizingwith heavy chains of HLA-E. Group 1 consists ofmAbs that
are only bound to HLA-E. Anti-HLA-EmAbs were also characterized for their IgG
subclasses, using monoclonal IgG specific for the Fc portion of the subclasses

Fluorophore intensity was measured in a specialized flow cytometer (Luminex)
together with microbead identifiers, and the fluorescence measurement classified by
the bead identifier. Fluorescent intensity generated by Luminex Multiplex Flow
Cytometry (LABScan 100) was analyzed using the same computer software and pro-
tocols. For each analysis, at least 100 beads were counted. The “trimmed mean” is
obtained by trimming a percentage of the high and low ends of distribution and finding
the mean of the remaining distribution. Trimmed mean fluorescence intensity (MFI)
for the SAB reactions are obtained from output (CSV) file generated by flow analyzer,
and it was adjusted for background signal using the formula (sample #N bead – sample
negative control bead) [35–37, 96–100]. The MFI was compared with the negative
control mean and the standard deviation of MFI recorded. The purpose of MFI is to
define the affinity of mAbs to HLAs and the intensity or strength of the mAbs.

5.4 The diversity anti-HLA-E mAbs

Of the 235 hybidomas generated, mAbs secreted by 214 hybridomas were reac-
tive to HLA-E. These mAbs included both monospecific [35, 98] and polyreactive
(with other HLA-Ia and HLA-Ib molecules) [98, 101]. Table 5, A presents category
1 correspond to monospecific mAbs reacting restrictively to mAbs with HLA-E and
failing to recognize HLA-F, HLA-G, HLA-A, HLA-B, and HLA-C. Category 2 refers
to HLA-Ib specific anti-HLA-E mAbs (Table 5, B). Category 3 presents anti-HLA-E
mAbs reactive with several HLA-Ia molecules (HLA-A, HLA-B, and HLA-C) but
not reactive to HLA-F and HLA-G (Table 5, C). Category 4 presents mAbs recog-
nizing both HLA-Ib and HLA-Ia molecules (Table 5, D).

mAbs formed after immunizing HLA-E

HLA Class Ia HLA Class Ib

HLA-A HLA-B HLA-C HLA-E HLA-F HLA-G

Group 1 (�) (�) (�) (+) (�) (�) 24 TFL-monospecific anti-HLA-E
mAbs

Group 2 (�) (�) (�) (+) (+) (�) TFL-anti-HLA-E/F mAbs

Group 3 (�) (�) (�) (+) (�) (+) TFL-anti-HLA-E/G mAbs

Group 4 (�) (�) (�) (+) (+) (+) TFL-anti-HLA-Ib sepecific mAbs

Group 5 (+) (+) (+) (+) (�) (�) Reactivity of the mAbs 3D12, MEM-
E/02 & MEM-E/07 & TFL series

Group 6 (+) (+) (+) (+) (+) (�) Reactivity of the mAb MEM-E/06
& TFL-series

Group 7 (+) (+) (+) (+) (�) (+) Reactivity of the mAb MEM-E/08
& TFL series

Group 8 (+) (+) (+) (+) (+) (+) Reactivity of the mAb TFL-006,
TFL-007 & other TFL mAbs

Table 4.
The diverse HLA-E monospecific and polyreactive mAbs generated after immunizing mice with a recombinant
heavy chain of HLA-ER107 & HLA-EG107.
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(both positive and negative) were added separately. PE-conjugated anti-human
IgG-detectionmAbswere used for immunolocalization ofmAb bound toHLA antigens
coated on beads [35–37, 96–100].Table 4 summarizes the diverse types of mAbs
observed after immunizingwith heavy chains of HLA-E. Group 1 consists ofmAbs that
are only bound to HLA-E. Anti-HLA-EmAbs were also characterized for their IgG
subclasses, using monoclonal IgG specific for the Fc portion of the subclasses

Fluorophore intensity was measured in a specialized flow cytometer (Luminex)
together with microbead identifiers, and the fluorescence measurement classified by
the bead identifier. Fluorescent intensity generated by Luminex Multiplex Flow
Cytometry (LABScan 100) was analyzed using the same computer software and pro-
tocols. For each analysis, at least 100 beads were counted. The “trimmed mean” is
obtained by trimming a percentage of the high and low ends of distribution and finding
the mean of the remaining distribution. Trimmed mean fluorescence intensity (MFI)
for the SAB reactions are obtained from output (CSV) file generated by flow analyzer,
and it was adjusted for background signal using the formula (sample #N bead – sample
negative control bead) [35–37, 96–100]. The MFI was compared with the negative
control mean and the standard deviation of MFI recorded. The purpose of MFI is to
define the affinity of mAbs to HLAs and the intensity or strength of the mAbs.

5.4 The diversity anti-HLA-E mAbs

Of the 235 hybidomas generated, mAbs secreted by 214 hybridomas were reac-
tive to HLA-E. These mAbs included both monospecific [35, 98] and polyreactive
(with other HLA-Ia and HLA-Ib molecules) [98, 101]. Table 5, A presents category
1 correspond to monospecific mAbs reacting restrictively to mAbs with HLA-E and
failing to recognize HLA-F, HLA-G, HLA-A, HLA-B, and HLA-C. Category 2 refers
to HLA-Ib specific anti-HLA-E mAbs (Table 5, B). Category 3 presents anti-HLA-E
mAbs reactive with several HLA-Ia molecules (HLA-A, HLA-B, and HLA-C) but
not reactive to HLA-F and HLA-G (Table 5, C). Category 4 presents mAbs recog-
nizing both HLA-Ib and HLA-Ia molecules (Table 5, D).

mAbs formed after immunizing HLA-E

HLA Class Ia HLA Class Ib

HLA-A HLA-B HLA-C HLA-E HLA-F HLA-G

Group 1 (�) (�) (�) (+) (�) (�) 24 TFL-monospecific anti-HLA-E
mAbs

Group 2 (�) (�) (�) (+) (+) (�) TFL-anti-HLA-E/F mAbs

Group 3 (�) (�) (�) (+) (�) (+) TFL-anti-HLA-E/G mAbs

Group 4 (�) (�) (�) (+) (+) (+) TFL-anti-HLA-Ib sepecific mAbs

Group 5 (+) (+) (+) (+) (�) (�) Reactivity of the mAbs 3D12, MEM-
E/02 & MEM-E/07 & TFL series

Group 6 (+) (+) (+) (+) (+) (�) Reactivity of the mAb MEM-E/06
& TFL-series

Group 7 (+) (+) (+) (+) (�) (+) Reactivity of the mAb MEM-E/08
& TFL series

Group 8 (+) (+) (+) (+) (+) (+) Reactivity of the mAb TFL-006,
TFL-007 & other TFL mAbs

Table 4.
The diverse HLA-E monospecific and polyreactive mAbs generated after immunizing mice with a recombinant
heavy chain of HLA-ER107 & HLA-EG107.
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5.5 Unique (private) and common (public) epitopes of HLA-E

The international immunogenetics project (http://www.ebi.ac.uk; or http://www.
ebi.ac.uk/ipd/imgt/hla/intro.html) updates HLA genes and sequence alleles yearly.
We have compared the entire amino acid sequences of HLA-E (Figure 6) with 511
alleles of HLA-A, 846 alleles of HLA-B, 275 alleles of HLA-C, 2 alleles of HLA-F, and 2
alleles of HLA-G sequences(see Table 1). Amino acid sequences unique to HLA-E
(private epitopes) and common amino acid sequences (public epitopes) can be iden-
tified by comparing the amino acid sequences of HLA-E with thousands of HLA-Ia
and Ib antigens (Table 6). Anti-HLA-E mAbs could bind to HLA-E restricted
(monospecific) or HLA-I amino acid sequences. Several HLA-E sequences are shared
with HLA-A loci or HLA-C loci or specific alleles such as A*3306 or B*8201. Table 7
shows HLA-E restricted amino acid sequences found in α1 and α2 helices, which were
used for peptide inhibition assays. Figure 7A illustrates locations of private and
public epitopes. Figure 7B shows allele-specific amino acid sequences in α1 & α2
helical groove and Figure 7C shows shared peptide amino acid sequences.

Peptide inhibition analyses were performed to confirm the monospecificity of
HLA-E mAbs. Various concentrations of HLA-E-restricted peptides (serially diluted
from the initial concentration of 100 μL to 100 μL) were added to the mAbs (7 μL).
The mAbs were further diluted with 14 μL PBS-BSA (pH 7.0; final dilution 1/1200),

Figure 6.
Amino acid sequence of HLA-ER107. Two sets of serial numbers provide one to include leader sequence and another
after deleting leader sequence. Sequences in the boxes refer to either specific (private) or shared (public) epitopes.
The box with bold letters was used to test for peptide inhibition in our experiments using TFL-monospecific mAbs.
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5.5 Unique (private) and common (public) epitopes of HLA-E

The international immunogenetics project (http://www.ebi.ac.uk; or http://www.
ebi.ac.uk/ipd/imgt/hla/intro.html) updates HLA genes and sequence alleles yearly.
We have compared the entire amino acid sequences of HLA-E (Figure 6) with 511
alleles of HLA-A, 846 alleles of HLA-B, 275 alleles of HLA-C, 2 alleles of HLA-F, and 2
alleles of HLA-G sequences(see Table 1). Amino acid sequences unique to HLA-E
(private epitopes) and common amino acid sequences (public epitopes) can be iden-
tified by comparing the amino acid sequences of HLA-E with thousands of HLA-Ia
and Ib antigens (Table 6). Anti-HLA-E mAbs could bind to HLA-E restricted
(monospecific) or HLA-I amino acid sequences. Several HLA-E sequences are shared
with HLA-A loci or HLA-C loci or specific alleles such as A*3306 or B*8201. Table 7
shows HLA-E restricted amino acid sequences found in α1 and α2 helices, which were
used for peptide inhibition assays. Figure 7A illustrates locations of private and
public epitopes. Figure 7B shows allele-specific amino acid sequences in α1 & α2
helical groove and Figure 7C shows shared peptide amino acid sequences.

Peptide inhibition analyses were performed to confirm the monospecificity of
HLA-E mAbs. Various concentrations of HLA-E-restricted peptides (serially diluted
from the initial concentration of 100 μL to 100 μL) were added to the mAbs (7 μL).
The mAbs were further diluted with 14 μL PBS-BSA (pH 7.0; final dilution 1/1200),

Figure 6.
Amino acid sequence of HLA-ER107. Two sets of serial numbers provide one to include leader sequence and another
after deleting leader sequence. Sequences in the boxes refer to either specific (private) or shared (public) epitopes.
The box with bold letters was used to test for peptide inhibition in our experiments using TFL-monospecific mAbs.
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and then exposed to 2 mL of beads. The two different HLA-E-restricted peptides,
RSARDTA and SEQKSNDASE were synthesized and purified by GenScript Corpora-
tion (Piscataway, NJ). The assay was performed in triplicate. Dosimetric peptide
inhibition analysis was performed for mAb TFL-033. Before dosimetric peptide inhi-
bition, the mAb TFL-033 was dosimetrically titrated to assess their strength (MFI),
and protein-G purified culture supernatants and ascites compared. Then, concen-
trated Protein-G purified from ascites is titrated and the protein content is measured.
Titrimetric inhibition was done with ascites protein-G concentrate. A summary of the
peptide inhibition experiments is presented in Figure 8. Results confirm that TFL-
003 binding to HLA-E can be inhibited dosimetrically using two HLA-E-restricted
epitopes. The level of inhibition differed between the two epitopes.

5.6 Diagnostic potential of HLA-E monospecific mAbs

Immunolocalization of HLA-E on human melanoma cancer tissues was
performed using culture supernatants (s) or ascites (a) of TFL monospecific mAbs
(TFL-033, TFL-034, TFL-074, and TFL-216), and staining is compared with com-
mercial anti-HLA-E mAb (MEM-E/02) [35, 98]. Titration of Protein-G purified
culture supernatants and ascites concentrates of different anti-HLA-E monospecific
mAbs are shown in Table 8. As revealed in Figure 4, the MEM-02 cross-reacts with
several HLA class Ia alleles. Although it stains melanoma tissues, due to the paucity of
HLA-E specificity, specific localization of HLA-E was confirmed with monospecific
anti-HLA-E mAbs (Figure 9A). Similarly, immune-localization of HLA-E on human

Comparison of the amino acid sequences of HLA-E with other HLA-I antigens

HLA alleles

HLA-E peptide
sequences

Number of amino
acids

Classical
HLA-Ia

Non-
classical
HLA-Ib

Specificity

A B Cw F G

47PRAPWMEQE55 9 1 0 0 0 0 A*3306 restricted

59EYWDRETR65 8 5 0 0 0 0 A-restricted

65RSARDTA71 6 0 0 0 0 0 E-monospecific

90AGSHTLQW97 8 1 10 48 0 0 Multispecific

108RFLRGYE123 7 24 0 0 0 0 A-restricted

115QFAYDGKDY123 9 1 104 75 0 0 Multispecific

117AYDGKDY123 7 491 831 271 21 30 Highly
Multispecific

126LNEDLRSWTA135 10 239 219 261 21 30 Multispecific

137DTAAQI142 6 0 824 248 0 30 Multispecific

137DTAAQIS143 7 0 52 4 0 30 Multispecific

143SEQKSNDASE152 10 0 0 0 0 0 E-monospecific

157RAYLED162 6 0 1 0 0 0 B*8201-restricted

163TCVEWL168 6 282 206 200 0 30 Multispecific

182EPPKTHVT190 8 0 0 19 0 0 C-restricted

Table 6.
Identifying HLA-E specific epitope or amino acid sequences: Peptide sequences specific and shared between
HLA-E and HLA class Ia alleles: Monospecific (HLA-E restricted) versus polyreactive epitopes.
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and then exposed to 2 mL of beads. The two different HLA-E-restricted peptides,
RSARDTA and SEQKSNDASE were synthesized and purified by GenScript Corpora-
tion (Piscataway, NJ). The assay was performed in triplicate. Dosimetric peptide
inhibition analysis was performed for mAb TFL-033. Before dosimetric peptide inhi-
bition, the mAb TFL-033 was dosimetrically titrated to assess their strength (MFI),
and protein-G purified culture supernatants and ascites compared. Then, concen-
trated Protein-G purified from ascites is titrated and the protein content is measured.
Titrimetric inhibition was done with ascites protein-G concentrate. A summary of the
peptide inhibition experiments is presented in Figure 8. Results confirm that TFL-
003 binding to HLA-E can be inhibited dosimetrically using two HLA-E-restricted
epitopes. The level of inhibition differed between the two epitopes.

5.6 Diagnostic potential of HLA-E monospecific mAbs

Immunolocalization of HLA-E on human melanoma cancer tissues was
performed using culture supernatants (s) or ascites (a) of TFL monospecific mAbs
(TFL-033, TFL-034, TFL-074, and TFL-216), and staining is compared with com-
mercial anti-HLA-E mAb (MEM-E/02) [35, 98]. Titration of Protein-G purified
culture supernatants and ascites concentrates of different anti-HLA-E monospecific
mAbs are shown in Table 8. As revealed in Figure 4, the MEM-02 cross-reacts with
several HLA class Ia alleles. Although it stains melanoma tissues, due to the paucity of
HLA-E specificity, specific localization of HLA-E was confirmed with monospecific
anti-HLA-E mAbs (Figure 9A). Similarly, immune-localization of HLA-E on human

Comparison of the amino acid sequences of HLA-E with other HLA-I antigens

HLA alleles

HLA-E peptide
sequences

Number of amino
acids

Classical
HLA-Ia

Non-
classical
HLA-Ib

Specificity

A B Cw F G

47PRAPWMEQE55 9 1 0 0 0 0 A*3306 restricted

59EYWDRETR65 8 5 0 0 0 0 A-restricted

65RSARDTA71 6 0 0 0 0 0 E-monospecific

90AGSHTLQW97 8 1 10 48 0 0 Multispecific

108RFLRGYE123 7 24 0 0 0 0 A-restricted

115QFAYDGKDY123 9 1 104 75 0 0 Multispecific

117AYDGKDY123 7 491 831 271 21 30 Highly
Multispecific

126LNEDLRSWTA135 10 239 219 261 21 30 Multispecific

137DTAAQI142 6 0 824 248 0 30 Multispecific

137DTAAQIS143 7 0 52 4 0 30 Multispecific

143SEQKSNDASE152 10 0 0 0 0 0 E-monospecific

157RAYLED162 6 0 1 0 0 0 B*8201-restricted

163TCVEWL168 6 282 206 200 0 30 Multispecific

182EPPKTHVT190 8 0 0 19 0 0 C-restricted

Table 6.
Identifying HLA-E specific epitope or amino acid sequences: Peptide sequences specific and shared between
HLA-E and HLA class Ia alleles: Monospecific (HLA-E restricted) versus polyreactive epitopes.
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gastric diffused carcinoma paraffin tissue sections was observed after staining with
the diluted ascites of monospecific mAb TFL-033a and MEM-E/02. The reliability of
HLA-E tissue localization with monospecific immunostaining of human gastric ade-
nocarcinoma (A, B) with TFL-033 and MEM-E/02 with that obtained for gastric
diffuse carcinoma (C, D) control, stained without primary mAbs. MEM-E/02 failed
to stain any cells while TFL-033a showed intense and widely distributed staining
indicating the overexpression of intact HLA-E (Figure 9C). Immunostaining was
performed on human breast ductal adenocarcinoma with TFL monospecific-mAbs
and results obtained using monospecific anti-HLA-E mAb TFL-216, generated by
immunizing HLA-EG, is presented in Figure 9D.

Detailed immunodiagnostic analyses were performed using a tissue microarray
(TMA) of normal gastric mucosal and primary gastric cancer tissues [98]. Three
tissue microarrays (TMAs; US Biomax, Rockville, MD) were carefully selected. The
tissue sections of all TMA were 1.5 mm in diameter and 5 μm thick. In TMA of
normal gastric mucosa and of primary gastric cancer, which contained 30 adeno-
carcinomas, 40 diffuse carcinomas and ten normal gastric mucosae were
immunostained. TMA array included: well-differentiated, moderately differenti-
ated, poorly differentiated, and undifferentiated cancer. In addition, TMA also

Figure 7.
Diagrammatic illustration of the structure of HLA-E, closed (intact trimer) and open conformers and specific
(private) and shared (public) epitopes. (A) Illustrates the locations of allele-specific sequence (private epitope)
and shared peptide (public epitopes) sequence. HLA-E with β2-microglobulin (in blue) showing (B) the allele-
specific amino acid sequences (private epitopes) in α1 & α2 helical groove and (C) shared peptide amino acid
sequences (public epitopes).
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included Stages I to IV of metastatic gastric cancer with 5 peritoneal, 3 liver, 27
lymph node metastases. TMA was immunostained with TFL-033 mAbs (culture
supernatants and ascites), controls were stained without primary mAbs [98]. The
diagnostic potential of HLA-E-monospecific mAb TFL-033 for different kinds and
stages of gastric cancer is illustrated in Figure 4a in International Journal of Cancer
[98]. The observations confirm that specific identification and localization of MHC
antigens, stringently require monospecific mAbs. The conclusion is highly reliable
compared to the use of polyreactive commercial mAbs (MEM-E/02) [36, 98],
presented in Figure 4. Importantly, characterizations of monospecificity should
include (1) multiantigen coated solid matrix assays, e.g., Luminex multiplex SAB
assay; (2) titrimetric inhibition with the private epitope of the antigen. Only such
monospecific mAbs are reliable for diagnosis and therapeutic purposes.

5.7 Differences in the immunoregulatory potentials of HLA-E monospecific
versus polyreactive mAbs

5.7.1 Potential of polyclonal anti-HLA-E mAbs in immune regulation

Immunoregulatory properties of both monospecific (TFL-033) and polyreactive
(TFL-006 & TFL-007) anti-HLA-E mAbs were examined for their ability to sup-
press or activate CD3/CD4+, CD3/CD8+ T cells, T-regs, and CD3+/CD19/20+ B cells.
The results show that the polyreactive anti-HLA-E mAbs (TFL-006/TFL-007) are
immunosuppressive comparable to IVIg, used in immunotherapy of several diseases
[16, 17]. Indeed the anti-HLA antibody profile of IVIg from different sources showed

Figure 8.
Dosimetric inhibition of purified culture supernatants of TFL-033 with two HLA-E-restricted peptides,
65RSARDTA71 and 143SEQKSNDASE152, at concentrations ranging from 4.4 to 0.27 mg/well. Although both
peptides showed inhibition, the α2 helical peptide SEQKSNDASE showed better dosimetric inhibition than the
other peptide. Peptide concentration and peptide content (μG/well) in parenthesis are shown. Pair-sample or
equal-variant t-tests were carried out in this investigation using a graphic website (www.originlab.com).
(Source: U. S. Patent No 10,656,158 B2 (U.S. patent application No. 13/507,537) issued on May 19, 2020,
to Dr. Mepur H. Ravindranath) see also Int J cancer. 2014;134(7):1558–70. DOI: 10.1002/ijc.28484.
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gastric diffused carcinoma paraffin tissue sections was observed after staining with
the diluted ascites of monospecific mAb TFL-033a and MEM-E/02. The reliability of
HLA-E tissue localization with monospecific immunostaining of human gastric ade-
nocarcinoma (A, B) with TFL-033 and MEM-E/02 with that obtained for gastric
diffuse carcinoma (C, D) control, stained without primary mAbs. MEM-E/02 failed
to stain any cells while TFL-033a showed intense and widely distributed staining
indicating the overexpression of intact HLA-E (Figure 9C). Immunostaining was
performed on human breast ductal adenocarcinoma with TFL monospecific-mAbs
and results obtained using monospecific anti-HLA-E mAb TFL-216, generated by
immunizing HLA-EG, is presented in Figure 9D.

Detailed immunodiagnostic analyses were performed using a tissue microarray
(TMA) of normal gastric mucosal and primary gastric cancer tissues [98]. Three
tissue microarrays (TMAs; US Biomax, Rockville, MD) were carefully selected. The
tissue sections of all TMA were 1.5 mm in diameter and 5 μm thick. In TMA of
normal gastric mucosa and of primary gastric cancer, which contained 30 adeno-
carcinomas, 40 diffuse carcinomas and ten normal gastric mucosae were
immunostained. TMA array included: well-differentiated, moderately differenti-
ated, poorly differentiated, and undifferentiated cancer. In addition, TMA also

Figure 7.
Diagrammatic illustration of the structure of HLA-E, closed (intact trimer) and open conformers and specific
(private) and shared (public) epitopes. (A) Illustrates the locations of allele-specific sequence (private epitope)
and shared peptide (public epitopes) sequence. HLA-E with β2-microglobulin (in blue) showing (B) the allele-
specific amino acid sequences (private epitopes) in α1 & α2 helical groove and (C) shared peptide amino acid
sequences (public epitopes).
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included Stages I to IV of metastatic gastric cancer with 5 peritoneal, 3 liver, 27
lymph node metastases. TMA was immunostained with TFL-033 mAbs (culture
supernatants and ascites), controls were stained without primary mAbs [98]. The
diagnostic potential of HLA-E-monospecific mAb TFL-033 for different kinds and
stages of gastric cancer is illustrated in Figure 4a in International Journal of Cancer
[98]. The observations confirm that specific identification and localization of MHC
antigens, stringently require monospecific mAbs. The conclusion is highly reliable
compared to the use of polyreactive commercial mAbs (MEM-E/02) [36, 98],
presented in Figure 4. Importantly, characterizations of monospecificity should
include (1) multiantigen coated solid matrix assays, e.g., Luminex multiplex SAB
assay; (2) titrimetric inhibition with the private epitope of the antigen. Only such
monospecific mAbs are reliable for diagnosis and therapeutic purposes.

5.7 Differences in the immunoregulatory potentials of HLA-E monospecific
versus polyreactive mAbs

5.7.1 Potential of polyclonal anti-HLA-E mAbs in immune regulation

Immunoregulatory properties of both monospecific (TFL-033) and polyreactive
(TFL-006 & TFL-007) anti-HLA-E mAbs were examined for their ability to sup-
press or activate CD3/CD4+, CD3/CD8+ T cells, T-regs, and CD3+/CD19/20+ B cells.
The results show that the polyreactive anti-HLA-E mAbs (TFL-006/TFL-007) are
immunosuppressive comparable to IVIg, used in immunotherapy of several diseases
[16, 17]. Indeed the anti-HLA antibody profile of IVIg from different sources showed

Figure 8.
Dosimetric inhibition of purified culture supernatants of TFL-033 with two HLA-E-restricted peptides,
65RSARDTA71 and 143SEQKSNDASE152, at concentrations ranging from 4.4 to 0.27 mg/well. Although both
peptides showed inhibition, the α2 helical peptide SEQKSNDASE showed better dosimetric inhibition than the
other peptide. Peptide concentration and peptide content (μG/well) in parenthesis are shown. Pair-sample or
equal-variant t-tests were carried out in this investigation using a graphic website (www.originlab.com).
(Source: U. S. Patent No 10,656,158 B2 (U.S. patent application No. 13/507,537) issued on May 19, 2020,
to Dr. Mepur H. Ravindranath) see also Int J cancer. 2014;134(7):1558–70. DOI: 10.1002/ijc.28484.
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both HLA-Ia and HLA-Ib reactivities [16, 17]. IVIg preparations were reported to
suppress CD4+ T cells [102–113], CD20+ B cells [108–113] and expand CD4 + CD25+
T-regs [114, 115]. The polyreactive anti-HLA-E mAbs performed the major immuno-
regulatory functions better than IVIg [101, 116–118]. These functions are (1) sup-
pression of CD19+ B lymphocyte blastogenesis, proliferation, and suppression of
production of anti-HLA-I and anti-HLA-II IgG Abs, (2) suppression of blastogenesis
and proliferation of CD4+ as well as CD8+ T lymphocytes, and (3) expansion of CD4
+. CD25+ and FoxP3+ T-regs. The monospecific mAbs, when used as controls failed
to perform these functions. Peptide inhibition analyses revealed that mAbs TFL-006
and TFL-007 bind to shared amino acid sequences of HLA-I molecules
(117AYDGKDYLT125, 126LNEDLRSWTAV136, and 137DTAAQI142) (Figure 7C). Possi-
bly such binding affinity of polyreactive but not monospecific mAbs contributes to
the unique immunoregulatory functions mimicking IVIg [101, 118].

5.7.2 Therapeutic potential of anti-HLA-E monospecific mAbs

In contrast to polyreactive anti-HLA-E mAb, monospecific mAbs (TFL-033)
recognized HLA-E- specific amino acid sequences (65RSARDT70

and154AESADNSKQES144) on the α1 and α2 helices (Figure 7B).

5.7.2.1 Monospecific mAbs promote the proliferation of CD8+ T lymphocytes

To testwhethermonospecific anti-HLA-EmAbs suppress proliferation of theCD3+,
CD4+, or CD8+ T cells, human T lymphocytes (both CD4+ and CD8+) isolated from
whole blood of a normal male donor with Ficol Hypaque (31) were treated either with
phytohaemagglutinin (PHA, EY Laboratories, SanMateo, CA) at a final concentration
of 2.25mL/mL or not exposed to PHA (31). ThemAbs (monospecific mAbs TFL-033,
TFL-034, TFL-073, TFL-074, and TFL-216, polyreactive mAb TFL007, and negative
control antibodies) were separately added to cells in culture within 2 hours after adding

Sample Dilution TFL-033 TFL-034 TFL-073 TFL-074

Culture Supernatant Neat 11273 11601 7781 8493

Protein-G purified Culture supernatant (1:10) 4424 2730 1974 2507

Protein-G purified Culture supernatant
Concentrate

(1:10) 11953 10364 7708 8467

(1:20) 9423 8146 6861 7500

(1:40) 8167 6347 5324 5883

(1:80) 6203 4622 3792 4176

(1:160) 4139 1379 2683 2438

(1:320) 2862 626 1454 943

(1:640) 1434 198 590 474

(1:1280) 694 98 275 220

Protein-G purified Ascites Concentrate
(Eluate # 2)

(1:50) 17898

(1:100) 16246

(1:200) 14004

(1:400) 12520

Table 8.
Titration of protein-G purified culture supernatant and ascites concentrates of different HLA-E monospecific
mAbs. These concentrates were used for immunolocalization, peptide inhibition studies as well as for their
effects on T-lymphoblasts.
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Figure 9.
Immunolocalization of HLA-E in cancer tissues with culture supernatants (s) or ascites (A) of TFL
monospecific mAbs compared with staining by MEM-E/02, an HLA-E mAb that shows cross-reactivity to HLA
class Ia alleles. (A) Human melanoma paraffin tissue sections stained with the culture supernatants of TFL
monospecific MAbs and MEM-E/02. (B) Human gastric cancer (diffused carcinoma) paraffin tissue sections
stained with the diluted ascites of monospecific MAb TFL-033a and MEM-E/02. (C). Immunostaining of
human gastric adenocarcinoma (A, B) and gastric diffuse carcinoma (C, D) control, stained without primary
mAbs. Note the differences in staining between the two antibodies; MEM-E/02 failed to stain any cells while
TFL-033a showed intense and widely distributed staining indicative of overexpression of intact HLA-E. (D)
Human breast ductal adenocarcinoma stained with monospecific anti-HLA-E mAb TFL-216 generated by
immunizing HLA-EG. (source: U. S. Patent No 10,656,158 B2 (U.S. patent application No. 13/507,537)
issued on May 19, 2020, to Dr. Mepur H. Ravindranath) see also Int J cancer. 2014;134(7):1558–70. DOI:
10.1002/ijc.28484.

63

Monospecific and Polyreactive Monoclonal Antibodies against Human Leukocyte Antigen-E…
DOI: http://dx.doi.org/10.5772/intechopen.95235



both HLA-Ia and HLA-Ib reactivities [16, 17]. IVIg preparations were reported to
suppress CD4+ T cells [102–113], CD20+ B cells [108–113] and expand CD4 + CD25+
T-regs [114, 115]. The polyreactive anti-HLA-E mAbs performed the major immuno-
regulatory functions better than IVIg [101, 116–118]. These functions are (1) sup-
pression of CD19+ B lymphocyte blastogenesis, proliferation, and suppression of
production of anti-HLA-I and anti-HLA-II IgG Abs, (2) suppression of blastogenesis
and proliferation of CD4+ as well as CD8+ T lymphocytes, and (3) expansion of CD4
+. CD25+ and FoxP3+ T-regs. The monospecific mAbs, when used as controls failed
to perform these functions. Peptide inhibition analyses revealed that mAbs TFL-006
and TFL-007 bind to shared amino acid sequences of HLA-I molecules
(117AYDGKDYLT125, 126LNEDLRSWTAV136, and 137DTAAQI142) (Figure 7C). Possi-
bly such binding affinity of polyreactive but not monospecific mAbs contributes to
the unique immunoregulatory functions mimicking IVIg [101, 118].

5.7.2 Therapeutic potential of anti-HLA-E monospecific mAbs

In contrast to polyreactive anti-HLA-E mAb, monospecific mAbs (TFL-033)
recognized HLA-E- specific amino acid sequences (65RSARDT70

and154AESADNSKQES144) on the α1 and α2 helices (Figure 7B).

5.7.2.1 Monospecific mAbs promote the proliferation of CD8+ T lymphocytes

To testwhethermonospecific anti-HLA-EmAbs suppress proliferation of theCD3+,
CD4+, or CD8+ T cells, human T lymphocytes (both CD4+ and CD8+) isolated from
whole blood of a normal male donor with Ficol Hypaque (31) were treated either with
phytohaemagglutinin (PHA, EY Laboratories, SanMateo, CA) at a final concentration
of 2.25mL/mL or not exposed to PHA (31). ThemAbs (monospecific mAbs TFL-033,
TFL-034, TFL-073, TFL-074, and TFL-216, polyreactive mAb TFL007, and negative
control antibodies) were separately added to cells in culture within 2 hours after adding

Sample Dilution TFL-033 TFL-034 TFL-073 TFL-074

Culture Supernatant Neat 11273 11601 7781 8493

Protein-G purified Culture supernatant (1:10) 4424 2730 1974 2507

Protein-G purified Culture supernatant
Concentrate

(1:10) 11953 10364 7708 8467

(1:20) 9423 8146 6861 7500

(1:40) 8167 6347 5324 5883

(1:80) 6203 4622 3792 4176

(1:160) 4139 1379 2683 2438

(1:320) 2862 626 1454 943

(1:640) 1434 198 590 474

(1:1280) 694 98 275 220

Protein-G purified Ascites Concentrate
(Eluate # 2)

(1:50) 17898

(1:100) 16246

(1:200) 14004

(1:400) 12520

Table 8.
Titration of protein-G purified culture supernatant and ascites concentrates of different HLA-E monospecific
mAbs. These concentrates were used for immunolocalization, peptide inhibition studies as well as for their
effects on T-lymphoblasts.
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Figure 9.
Immunolocalization of HLA-E in cancer tissues with culture supernatants (s) or ascites (A) of TFL
monospecific mAbs compared with staining by MEM-E/02, an HLA-E mAb that shows cross-reactivity to HLA
class Ia alleles. (A) Human melanoma paraffin tissue sections stained with the culture supernatants of TFL
monospecific MAbs and MEM-E/02. (B) Human gastric cancer (diffused carcinoma) paraffin tissue sections
stained with the diluted ascites of monospecific MAb TFL-033a and MEM-E/02. (C). Immunostaining of
human gastric adenocarcinoma (A, B) and gastric diffuse carcinoma (C, D) control, stained without primary
mAbs. Note the differences in staining between the two antibodies; MEM-E/02 failed to stain any cells while
TFL-033a showed intense and widely distributed staining indicative of overexpression of intact HLA-E. (D)
Human breast ductal adenocarcinoma stained with monospecific anti-HLA-E mAb TFL-216 generated by
immunizing HLA-EG. (source: U. S. Patent No 10,656,158 B2 (U.S. patent application No. 13/507,537)
issued on May 19, 2020, to Dr. Mepur H. Ravindranath) see also Int J cancer. 2014;134(7):1558–70. DOI:
10.1002/ijc.28484.
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PHA (final 200mL) (31). Detailed experimental protocol is described elsewhere (31).
The effects of mAbs (monospecific mAb TFL-033 and polyreactive mAb TFL-007) on
untreated (no PHA) and PHA-treated T lymphocytes in these categories of T cells:
CD4+/CD8-, CD4-/CD8 +, CD4 + /CD8 +, and CD4-/CD8- are presented inTable 9.
There was a significant increase in numbers of CD4-/CD8+ T lymphoblasts among the
PHA-treated T lymphoblasts under the influence of TFL-033 s at 1:30 and 1:150).
Numbers of PHA-untreated T lymphoblasts increased for almost all mAbs, TFL-033 s
at 1/30 and 1/150, TFL-034 s at 1/10 and 1/50, TFL-073 s at 1/50, TFL-074 s at 1/10 [35].
An increase in PHA-untreated T lymphoblasts clarifies the functional potential of
HLA-EmonospecificmAbs in augmentingCD4�/ CD8+T lymphoblasts. A significant
increase in numbers of PHA-treated CD3+/CD4-/CD8+ lymphoblasts suggests that
monospecific monoclonal mAbs, particularly TFL-003 confers the potential to aug-
ment cytotoxic T cells. Results prompt investigating humanized version TFL-003 on
proliferation cytotoxic T-cells.

5.7.2.2 HLA-E expressed on cancer cells can directly bind to CD8+ T cells and NK cells
and suppress their tumor-killing activity

Cancer cells lose their cell surface HLA-Ia alleles (HLA-A, HLA-B, and HLA-C)
and upregulate the surface expression of HLA-Ib molecules (HLAE, HLA-F, and
HLA-G) [57, 82, 119–128]. The upregulation of HLA-E gene expression is correlated
with immunolocalization and overexpression of cell surface HLA-E [71, 91,
128–132]. HLA-E gene expression in some cancers [e.g., melanoma] is ranked 19th
among overexpressed genes [133]. HLA-E overexpression and loss of HLA-Ia in

Figure 10.
Binding of HLA-E to the inhibitory receptors CD94 and NKG2A on both CD8+ CTLs and NKT cells. The
structural configuration of the binding of HLA-E and the inhibitory receptors, leading to the arrest of the anti-
tumor activity function of CD8+ and NKT cells. The interaction between HLA-E and the inhibitory receptors
involves the binding of amino acids located on the α1 and α2 helices of HLA-E to specific amino acids on CD94
and NKG2A. The amino acid sequences on HLA-E recognized by the inhibitory receptors are unique and
specific for HLA-E and they are also recognized by HLA-E monospecific mAbs. The binding involves H-bonding
(H), van der Waal forces (vf), and salt linkages (salt) of the amino acids of HLA-E a1 and a2 helices and
CD94 and NKG2A inhibitory receptors. (Modified from Ravindranath et al. Monoclon Antib
Immunodiagn Immunother. 2015,34(3):135–53).
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cancer cells are correlated with disease progression and poor prognosis [60, 82,
130, 134]. Disease progression is attributed to the suppression of the tumor-killing
activity of CD8+ cytotoxic T lymphocytes (CTLs) and NKT cells.

Cell surface and soluble HLA-E are capable of binding to the inhibitory receptors
CD94 and NKG2A on both CTLs (CD3+/CD8+), NK cells (CD2+, CD7+, CD11b+,
CD11c+, CD90+, perforin+, & granzyme A+) and NKT cells (plus CD8+) [25, 27,
135, 136]. These cells are capable of destroying tumor cells. These cells interact with
MHC-I ligands (HLA-E) on tumor cells through inhibitory receptors. The binding
of above mentioned immune cells to HLA-E overexpressed on tumor cells cell
surface may explain why the cancer patients failed to respond to NK cell therapies.

Interaction between HLA-E and inhibitory receptors involves the binding of
HLA-E specific amino acids located on α1 and α2 helices (Table 7) to specific amino
acids on CD94 and NKG2A (Figure 10) [22, 27, 135, 136]. This specific interaction is
attributed to the loss of anti-tumor activity of CD8+ CTLs as well as that of NK or
NKT cells [22, 27, 135, 136]. We have used the synthetic peptides of these sequences
to ascertain the specific binding affinity of anti-HLA-E mAbs (Figure 8). The
ability of monospecific anti-HLA-E mAbs to bind at the site of epitopes of CD94
and NKG2A on HLA-E favor the use of the monospecific anti-HLA-E mAbs to mask
binding sites of inhibitory receptors on HLA-E. Such blocking of HLA-E may help
restore the antitumor efficacy of NK cells and CD8+ T cells that were lost due to the
interaction of inhibitory receptors and HLA-E. Possibly humanized monospecific
anti-HLA-E may be potentially considered for anti-cancer NK therapy.

6. Conclusion

The anti-HLA-E mAbs TFL- 033, TFL-034, TFL-073, and TFL-074 due to their
monospecificity are advantageous than the commercial anti-HLA-E mAbs for specific
identification and localization of HLA-E on the surface of human cells, particularly in
different cancer types. Our observations stress the need for characterization of
monospecificity and epitope specificity of any mAb, after analyzing binding affinity
on a multiplex solid matrix assays coated with the desired antigen (in question) and
the closely related antigens and inhibition of the binding affinity using peptides
sequences specific for the antigen in question. This is an important criterion to be
followed for all clinical diagnostic and therapeutic antibodies. If specific epitopes are
exposed to antigen located on the cell surface, it would be a more valuable diagnostic
tool, than those binding to specific but cryptic epitopes.

The HLA-E monospecific antibodies (e.g., TFL-033) are capable of augmenting
proliferation of non-activated CD8+ T cells and activated CD8+ T-lymphoblasts.
TFL-033 binds to a unique epitope of HLA-E, a region that is involved in binding to
inhibitory receptors (CD94 and NKG2A) present on CD3+/CD8+ T cells (Cytotoxic T
cells) and CD3-/CD8+ NKT cells and NK cells. The binding of HLA-E to inhibitory
receptors results in the suppression of anti-tumor cytotoxic functions of these
immune cells. Since TFL-033 can also upregulate anti-tumor cytotoxic T cell lymphoblasts
and also capable of blocking the interaction between cancer-associated HLA-E and inhib-
itory receptors CD94/NKG2A, the mAb can be considered as a double-edged sword to
eliminate cancer cells. Therefore, TFL-033 could be a valuable therapeutic agent for
passive immunotherapy of human cancer, provided the mAb is humanized.

In contrast to monospecific mAbs, HLA-I polyreactive anti-HLA-E monoclonal
Abs (TFL-006 and TFL-007) mimic not only HLA-I reactivity of IVIg but also
performs several critical immunoregulatory functions of IVIg, better than IVIg per
se. These functions include suppression of blastogenesis and proliferation of CD4+
T cells and CD8+ T cells, effective inhibition of production of anti-HLA-I and

67

Monospecific and Polyreactive Monoclonal Antibodies against Human Leukocyte Antigen-E…
DOI: http://dx.doi.org/10.5772/intechopen.95235



PHA (final 200mL) (31). Detailed experimental protocol is described elsewhere (31).
The effects of mAbs (monospecific mAb TFL-033 and polyreactive mAb TFL-007) on
untreated (no PHA) and PHA-treated T lymphocytes in these categories of T cells:
CD4+/CD8-, CD4-/CD8 +, CD4 + /CD8 +, and CD4-/CD8- are presented inTable 9.
There was a significant increase in numbers of CD4-/CD8+ T lymphoblasts among the
PHA-treated T lymphoblasts under the influence of TFL-033 s at 1:30 and 1:150).
Numbers of PHA-untreated T lymphoblasts increased for almost all mAbs, TFL-033 s
at 1/30 and 1/150, TFL-034 s at 1/10 and 1/50, TFL-073 s at 1/50, TFL-074 s at 1/10 [35].
An increase in PHA-untreated T lymphoblasts clarifies the functional potential of
HLA-EmonospecificmAbs in augmentingCD4�/ CD8+T lymphoblasts. A significant
increase in numbers of PHA-treated CD3+/CD4-/CD8+ lymphoblasts suggests that
monospecific monoclonal mAbs, particularly TFL-003 confers the potential to aug-
ment cytotoxic T cells. Results prompt investigating humanized version TFL-003 on
proliferation cytotoxic T-cells.

5.7.2.2 HLA-E expressed on cancer cells can directly bind to CD8+ T cells and NK cells
and suppress their tumor-killing activity

Cancer cells lose their cell surface HLA-Ia alleles (HLA-A, HLA-B, and HLA-C)
and upregulate the surface expression of HLA-Ib molecules (HLAE, HLA-F, and
HLA-G) [57, 82, 119–128]. The upregulation of HLA-E gene expression is correlated
with immunolocalization and overexpression of cell surface HLA-E [71, 91,
128–132]. HLA-E gene expression in some cancers [e.g., melanoma] is ranked 19th
among overexpressed genes [133]. HLA-E overexpression and loss of HLA-Ia in

Figure 10.
Binding of HLA-E to the inhibitory receptors CD94 and NKG2A on both CD8+ CTLs and NKT cells. The
structural configuration of the binding of HLA-E and the inhibitory receptors, leading to the arrest of the anti-
tumor activity function of CD8+ and NKT cells. The interaction between HLA-E and the inhibitory receptors
involves the binding of amino acids located on the α1 and α2 helices of HLA-E to specific amino acids on CD94
and NKG2A. The amino acid sequences on HLA-E recognized by the inhibitory receptors are unique and
specific for HLA-E and they are also recognized by HLA-E monospecific mAbs. The binding involves H-bonding
(H), van der Waal forces (vf), and salt linkages (salt) of the amino acids of HLA-E a1 and a2 helices and
CD94 and NKG2A inhibitory receptors. (Modified from Ravindranath et al. Monoclon Antib
Immunodiagn Immunother. 2015,34(3):135–53).

66

Monoclonal Antibodies

cancer cells are correlated with disease progression and poor prognosis [60, 82,
130, 134]. Disease progression is attributed to the suppression of the tumor-killing
activity of CD8+ cytotoxic T lymphocytes (CTLs) and NKT cells.

Cell surface and soluble HLA-E are capable of binding to the inhibitory receptors
CD94 and NKG2A on both CTLs (CD3+/CD8+), NK cells (CD2+, CD7+, CD11b+,
CD11c+, CD90+, perforin+, & granzyme A+) and NKT cells (plus CD8+) [25, 27,
135, 136]. These cells are capable of destroying tumor cells. These cells interact with
MHC-I ligands (HLA-E) on tumor cells through inhibitory receptors. The binding
of above mentioned immune cells to HLA-E overexpressed on tumor cells cell
surface may explain why the cancer patients failed to respond to NK cell therapies.

Interaction between HLA-E and inhibitory receptors involves the binding of
HLA-E specific amino acids located on α1 and α2 helices (Table 7) to specific amino
acids on CD94 and NKG2A (Figure 10) [22, 27, 135, 136]. This specific interaction is
attributed to the loss of anti-tumor activity of CD8+ CTLs as well as that of NK or
NKT cells [22, 27, 135, 136]. We have used the synthetic peptides of these sequences
to ascertain the specific binding affinity of anti-HLA-E mAbs (Figure 8). The
ability of monospecific anti-HLA-E mAbs to bind at the site of epitopes of CD94
and NKG2A on HLA-E favor the use of the monospecific anti-HLA-E mAbs to mask
binding sites of inhibitory receptors on HLA-E. Such blocking of HLA-E may help
restore the antitumor efficacy of NK cells and CD8+ T cells that were lost due to the
interaction of inhibitory receptors and HLA-E. Possibly humanized monospecific
anti-HLA-E may be potentially considered for anti-cancer NK therapy.

6. Conclusion

The anti-HLA-E mAbs TFL- 033, TFL-034, TFL-073, and TFL-074 due to their
monospecificity are advantageous than the commercial anti-HLA-E mAbs for specific
identification and localization of HLA-E on the surface of human cells, particularly in
different cancer types. Our observations stress the need for characterization of
monospecificity and epitope specificity of any mAb, after analyzing binding affinity
on a multiplex solid matrix assays coated with the desired antigen (in question) and
the closely related antigens and inhibition of the binding affinity using peptides
sequences specific for the antigen in question. This is an important criterion to be
followed for all clinical diagnostic and therapeutic antibodies. If specific epitopes are
exposed to antigen located on the cell surface, it would be a more valuable diagnostic
tool, than those binding to specific but cryptic epitopes.

The HLA-E monospecific antibodies (e.g., TFL-033) are capable of augmenting
proliferation of non-activated CD8+ T cells and activated CD8+ T-lymphoblasts.
TFL-033 binds to a unique epitope of HLA-E, a region that is involved in binding to
inhibitory receptors (CD94 and NKG2A) present on CD3+/CD8+ T cells (Cytotoxic T
cells) and CD3-/CD8+ NKT cells and NK cells. The binding of HLA-E to inhibitory
receptors results in the suppression of anti-tumor cytotoxic functions of these
immune cells. Since TFL-033 can also upregulate anti-tumor cytotoxic T cell lymphoblasts
and also capable of blocking the interaction between cancer-associated HLA-E and inhib-
itory receptors CD94/NKG2A, the mAb can be considered as a double-edged sword to
eliminate cancer cells. Therefore, TFL-033 could be a valuable therapeutic agent for
passive immunotherapy of human cancer, provided the mAb is humanized.

In contrast to monospecific mAbs, HLA-I polyreactive anti-HLA-E monoclonal
Abs (TFL-006 and TFL-007) mimic not only HLA-I reactivity of IVIg but also
performs several critical immunoregulatory functions of IVIg, better than IVIg per
se. These functions include suppression of blastogenesis and proliferation of CD4+
T cells and CD8+ T cells, effective inhibition of production of anti-HLA-I and

67

Monospecific and Polyreactive Monoclonal Antibodies against Human Leukocyte Antigen-E…
DOI: http://dx.doi.org/10.5772/intechopen.95235



HLA-II Abs. HLA-I polyreactive anti-HLA-E monoclonal Abs (TFL-006 and TFL-
007) are capable of upregulating T-regs. T-regs acting alone is capable of
suppressing CD4+ T cells, CD8+ T cells, and antibody.
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Abstract

Most clinically approved large biotherapeutics are monoclonal antibodies (mAbs), 
primarily belonging to immunoglobulin G subclass-1 (IgG1) and, to a lesser extent, 
IgG2 and IgG4. Glycosylation is the main source of post-translational heterogeneity of 
mAbs, impacting their drug therapeutic mechanism of action (MOA). Glycosylation 
is also one of the critical factors in drug product solubility, kinetics, stability and 
efficacy. Thus, monitoring glycan critical quality attributes (CQAs) is an essential part 
of any biopharmaceutical development. The binding affinity of an IgG to its cellular Fc 
receptor (FcR) depends on both its IgG subclass and Fc domain glycosylation pattern. 
Since composition of the N-glycans also correlates to the Antibody-Dependent Cellular 
Cytotoxicity (ADCC), the glycosylation pattern needs to be monitored for consis-
tency in potency and efficacy. This applies for the original mAb biologics as well as 
biosimilars. In this chapter, we present a truly novel way to assess the variances in mAb 
glycoforms using FcγRIIIa-based affinity chromatography. First, a brief overview of the 
Fc receptor function is presented. Then, the principle of FcR-based affinity chromatog-
raphy is explained including how this column’s potential to analyze a variety of mAbs 
according to their N-glycan content is highly selective and robust. Finally, we provide 
examples of the FcR column’s potential to improve analytical characterization of mAbs 
with practical applications such as effective cell line screening, monitoring of glycoengi-
neering, process development and process control in manufacturing.

Keywords: FcR, glycoform, N-glycan, monoclonal antibody, mAb, biosimilar, 
affinity chromatography, antibody-dependent cellular cytotoxicity, ADCC

1. Introduction

Affinity chromatography is a popular method for the purification of biomol-
ecules. The purification involves interaction of the biomolecule with a ligand 
covalently immobilized to a solid stationary phase. Elution occurs as a function of 
binding strength of the biomolecule to the stationary phase, tighter the binding 
later the elution time in a linear gradient. Due to high selectivity and fast separa-
tion, affinity chromatography is regarded as the most widely used purification 
method for capture step in biopharmaceutical industry. Different types of affinity 
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chromatography ligands are available as resins and pre-packed columns for purifi-
cation at various scales. Similarly, different types of U/HPLC affinity chromatogra-
phy columns are available for analytical characterization and quality control. This 
chapter focuses on a recently introduced novel FcR-based affinity column, TSKgel-
FcR-IIIA-NPR, that enables chromatographic characterization of mAbs based on 
their N-glycan content attached to a highly conserved Asn-297 in Fc region.

2. Brief overview of Fc receptor

A brief overview of the Fc Receptor (FcR) structure and function is provided to 
best understand the chromatography principle of the column discussed in this chap-
ter. FcR proteins belong to immunoglobulin (Ig) superfamily [1]. Interest in FcRs for 
biotherapeutic research has gained momentum since 1980s. The purification of FcR 
from the glycoprotein fraction of the placental membranes by chromatography was 
reported in 1982 [2]. A functional 40 kDa FcR, with low affinity for native IgG, was 
purified from the human peripheral nerve extract using F(ab)2 fragments of mAb 
against placental FcR as affinity agent in 1989 [3]. Important role of FcR in IgG dis-
tribution to the brain [4], inhibition of cell activation [5] and in enhancement and 
suppression of the effector function [6] have also been reported. Overall, it became 
evident that FcRs are important for numerous biological functions.

2.1 FcγRs

The FcRs binding to immunoglobulin G (IgG) are known as Fc-gamma recep-
tors (FcγR). FcγRs play essential role in immunity, inflammatory and infectious 
diseases [7]. Immune enhancement and suppression are influenced by binding to 
these FcγRs [6]. Additional interaction between hyaluronic acid (HA) and sialic 
acids on immune cells helps to optimize the FcR-mediated effector function [8]. Fcγ 
 receptors do not bind to IgA or IgM [9].

2.2 Fcγ receptor binding to IgG

Typical IgG is Y-shaped protein of ~150 kDa in size, containing two heavy chains 
and two light chains (Figure 1). The heavy chain (HC) contains three constant 
domains (CH1–CH3) and a variable domain (VH) with three complementarity-
determining regions (CDRs). The light chain (LC) has only one constant domain 
(CL) and a variable domain (VL) with CDRs. The Fd consists of VH and CH1. LC 
and Fd together form the antigen binding fragment (Fab). The CH2 domain of each 
heavy chain of IgG has a highly conservative asparagine (N) residue at position 297 
(Asn297 or N297) that is almost invariably glycosylated. Fcγ receptor binding site 
is located near the hinge region of IgG, close to N297 in the CH2 domain. The most 
flexible portion of the hinge region is between CH1 and CH2 domains of a heavy 
chain. The four chains are covalently connected via disulfide bridges [10]. Fraction 
crystallizable (Fc) is composed of CH2 and CH3 domains of the two heavy chains. 
The highly conserved glycan moiety at position N297 infers structural changes to 
the Fc-region required for binding to FcγR. Subtle differences in the glycan compo-
sition at this site, thus, can affect the conformational rigidity of the Fc-structure, 
and may also alter the interaction with FcγR by direct contact [11].

2.3 FcγR subclasses

FcγRs are divided into three subclasses, abbreviated as FcγRI, FcγRII and FcγRIII. 
Extracellular regions of all the FcγRs are extremely homologous, whereas the 
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cytoplasmic domains differ considerably from each other [12]. FcγRI exhibits the high-
est affinity for IgG, Ka 108–109 M−1 whereas FcγRII and FcγRIII show a weaker affinity 
[13] for monomeric IgG, Ka ≤ 107 M−1. Receptor clustering is essential for FcγR signal-
ing. FcγRIII (also known as CD16) is a cluster of differentiation molecule found on the 
surface of natural killer (NK) cells, neutrophils, monocytes and macrophages.

2.4 FcγRIII isoforms

FcγRIII exists in two different isoforms, (a) FcγRIIIa or CD16a and (b) FcγRIIIb 
or CD16b. Both forms take part in intracellular signal transduction. Two nearly 
identical genes in human encode these two isoforms. FcγRIIIa is a 50–65 kDa type-1 
transmembrane protein whereas FcγRIIIb is a 48 kDa glycosylphosphatidylino-
sitol (GPI)-anchored protein. This chapter focuses on the modified recombinant 
FcγRIIIa protein ligand, immobilized on a polymethacrylate stationary phase and 
packed into an analytical chromatography column that can be used for characteriza-
tion of antibodies based on their N-glycan content on Asn297.

2.5 FcγRIIIa and glycosylation mode of IgG

Post-translational modifications, particularly glycosylation, of both IgG 
antibodies and Fcγ receptors modulate the affinity of their interaction. N-glycan 
(Figure 2) is a well-defined complex biantennary structure composed of a core 
hepta-saccharide, made up of N-acetylglucosamine (GlcNAc) and mannose, 
followed by variable additions of galactose, sialic acid (N-acetylneuraminic acid), 
fucose, and bisecting GlcNAc residues [11].

The attached glycans play various crucial roles on the function of immunoglobu-
lins. Fc sialylation prolongs serum half-life of therapeutic antibodies [14]. Figure 3  
shows details of the structure of the glycosylated Fc fragment complexed to a 
FcγRIIIa receptor [15]. In non-fucosylated mAb, the carbohydrate-carbohydrate 
interactions increase binding affinity between N-Glycan of IgG-Fc and N-Glycan of 
FcR (KD = 7.2 × 10−9 M) while in fucosylated mAb the carbohydrate-carbohydrate 
interaction is weekened or non-existent depending on the extent of steric hindrance 
of the fucose moiety (KD = 3.0 × 10−7 M) [15].

Figure 1. 
Schematic overview of human IgG1 with a detailed sequence view into the hinge region [10] (reprinted with 
permission).
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permission).
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The glycosylation of Fc part is prerequisite for its affinity to FcR. Therapeutic 
monoclonal antibodies recognize specific cell surface-expressed antigens in 
malfunctioning cells (e.g. cancer cells) and elicit immune effector functions such 
as Antibody-Dependent Cell-mediated Cytotoxicity (ADCC) (Figure 4). Glycan 
composition at conserved N297 in IgG largely affects the binding affinity, thus 
regulating ADCC activity.

FcγRIIIa protein contacts Fc portion of IgG (to both CH2 regions) and to 
attached glycans. The glycans from FcγRIIIa side are also apparently in contact 
with glycans from IgG-Fc. The binding is asymmetrical in nature as revealed from 
the co-crystal structure of Fc-FcγRIII complex [16], although the stoichiometry 
of binding is 1:1. Lack of fucosylation in core Fc-glycan dramatically increases the 
ADCC activity due to enhanced binding affinity of FcγRIIIa to IgG [17].

Figure 2. 
A schematic representation of a common N-glycan structure where blue squares denote to GlcNAc, 
green circles denote to mannose, yellow circles denote to galactose, purple diamonds denote to sialic acid 
(N-acetylneuraminic acid) and red triangle denote to fucose (reprinted with permission).

Figure 3. 
Crystal structure of glycosylated Fc-FcγRIIIa complex. (A) Top and side views of the structure of the 
glycosylated Fc-FcγRIIIa complex. The Fc chains are shown in blue and magenta and the receptor in cyan. The 
oligosaccharides are depicted as ball-and-stick representation. (B) View on the interaction interface between 
afucosylated Fc fragment and glycosylated Fc receptor. Chain A of the Fc fragment is shown in blue, the Fc 
receptor in cyan. Hydrogen bonds are presented as dashed lines with distance between donor and acceptor 
atoms. (C) View on the interaction interface between fucosylated Fc fragment and glycosylated Fc receptor. 
Chain A of the Fc fragment is shown in magenta, the Fc receptor in dark violet. Core fucose of fucosylated Fc is 
highlighted in yellow [15]. (Reprinted with permission).
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3. TSKgel FcR-IIIA-NPR affinity column

TSKgel FcR-IIIA-NPR affinity column contains non-porous polymethacrylate 
base beads as stationary phase. The ligand is a modified recombinant non-glyco-
sylated FcγRIIIa of 20 kDa, produced in E. coli expression system. Recombinant 
FcγRIIIa ligand has eight amino acid substitutions as compared to its wild-type form. 
These changes were necessary for stabilization of the ligand structure [18]. The 2.7 Å 
crystal structure of recombinant FcγRIIIa protein verifies the molecular basis of the 
IgG-FcR complex formation. No significant difference was found between the crystal 
structures of glycosylated wild-type FcγRIIIa expressed in human embryonic kidney 
(HEK) cells vs. non-glycosylated recombinant FcγRIIIa from E. coli (Figure 5). This 
confirms suitability of E. coli-produced non-glycosylated FcγRIIIa to be used as an 
affinity ligand in a chromatography resin. Notably, no direct contact of the terminal 
Asn297 N-glycan galactose of IgG and modified non-glycosylated FcγRIIIa was 
observed [19]. Both proteins were crystallized as complex with Fc [19].

The dimension of the TSKgel FcR-IIIA-NPR column is 4.6 mm ID × 7.5 cm (l) 
with a total bed volume of 1.25 mL. Polymethacrylate-based matrix is composed of 
non-porous material with ~5 μm particle size. Maximum pressure limit of the column 
is 90 bar (9 MPa). The column is suitable for both HPLC and UHPLC instrument 
settings. The recommended run temperature is 15–25°C. The operational pH range 
is from pH 4 to 8. In general, most monoclonal antibodies bind effectively on the 
column at pH 6.5. Typically, 50 mM ammonium citrate (or ammonium acetate) 
buffer is used. A linear pH gradient from pH 6.5 to 4.5 over 16 column volumes (CV) 
at the flow rate of 1.0 mL/min is recommended. Figure 6 shows a typical three-
peak chromatographic profile for a monoclonal antibody in these settings. Sodium 
chloride can be added to buffer to enhance the separation if needed. Longer retention 
time indicates stronger mAb affinity to the ligand. However, as to the general compo-
sition of glycans, it should be noted that all the three peaks still contain a mixture of 
glycoforms with variable amounts of galactose and other sugar molecules (Figure 7).

From a related experiment (Figure 7), the three peaks were collected for glycan 
analysis and ADCC activity assay. Determination of the glycan structures revealed 
that the retention time increase correlates with increased number of the terminal 
galactose. Terminal galactose tends to stabilize conformation of the Fc region, 
providing tighter binding onto FcγRIIIa affinity ligand [20]. However, FcR column 
is not designed for quantitation of only galactose but to obtain a more general 
understanding of the variation in distribution of the glycan content among the 

Figure 4. 
Schematic representation of the antibody-Fc receptor interaction resulting in ADCC activity.
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three peaks. Although added galactose increases retention time, other factors (as 
explained below) also affect the mAb binding affinity.

The results shown in the Figure 7 support the binding model presented for 
galactose in the Figure 8. The crystal structure, basis of a cartoon model in the 
Figure 8, surprisingly did not show direct contact of the galactose units with 
the receptor that could more easily explain galactose effect on the affinity for 
FcγRIIIa. Instead, based on the evidence reported in literature so far, it has been 
proposed that the galactose moiety can influence the dynamic and conforma-
tional assembly of IgG-Fc. Hydrogen-deuterium exchange mass spectrometry 

Figure 6. 
A typical 3-peak elution profile for a monoclonal antibody using a TSKgel FcR-IIIA-NPR column with 
correlation to ADCC activity.

Figure 5. 
Crystal structures of a recombinant non-glycosylated FcR ligand (Panel a) and a glycosylated native form 
(Panel b) (reprinted with permission).
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Figure 7. 
Correlation between the number of galactose units and retention time [20] (reprinted with permission).

Figure 8. 
Conformational entropy modulated by galactose content controls the binding affinity of IgG to FcγRIIIa [19]. 
(reprinted with permission).
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(HDX-MS) study using purified IgG glycovariants support this hypothesis. By the 
deuterium exchange mass spectrometry, it was noticed that the deuterium uptake 
increases in the peptide ranging from 245 P to 256 T in the following order: Peak 
1 > Peak 2 > Peak 3. This result implicates that this particular peptide exhibits a 
more rigid conformation as the fraction of galactose units increase. Differential 
Scanning Calorimetry (DSC) experiment also proved that the peak 3 contains 
antibodies with the highest galactose content, and it exhibited the greatest dena-
turation enthalpy. This result thus suggests that the terminal galactose engages 
in non-covalent interaction with surrounding residues leading to increased 
conformational stability. The value of entropy change decreased as the content of 
galactose increased, suggesting a reduction of the conformational entropy of the 
antibody. More specifically, terminal galactose moiety seems to especially stabi-
lize the mAb hinge region. In N-glycans containing galactose, the CH2 domain 
remains in more rigid conformation as compared to the agalactosylated (G0F) 
glycoform (i.e. no galactose). Overall, the number of terminal galactoses have the 
greatest impact on the binding affinity of mAb onto the column [19]. However, 
the other types of glycans such as fucose, mannose and sialic acid also affect the 
binding.

4. Correlation between mAb retention time and ADCC activity

In order to confirm correlation with ADCC activity and retention time, 
Rituximab as an example [20], was analyzed and three successive peaks from 
TSKgel FcR-IIIA-NPR column were collected. ADCC bioassay was performed for 
these peaks using the Promega ADCC reporter assay kit (Figure 9). In the assay, 
higher luminescence (RLU units), as compared to mAb concentration, denotes 
to stronger ADCC activity. As a measure of ADCC potency, EC50 values (mAb 
concentration with 50% of the maximal ADCC activity) were determined. RLU 
units for Rituximab sample prior to load and for three fractions were plotted as 
a function of their concentrations (μg/mL) (Figure 9, Panel B). The order of 
ADCC activity in the peaks is as follows: peak 3 > peak 2 > mAb > peak 1. The 
result thus clearly indicates that the peak 3 has the highest ADCC activity as 
compared to the other two peaks. This study proves that the increased retention 

Figure 9. 
ADCC reporter bioassays for Rituximab and its glycoforms separated on TSKgel FcR-IIIA-NPR. Panel A: A 
typical 3-peak elution pattern for the mAb. Panel B: ADCC reporter bioassay for the mAb control and collected 
peaks from panel A. Panel C: EC50 values for the three peaks. (reprinted with permission).
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time for the peaks obtained from the U/HPLC assay indeed correlates with the 
higher ADCC activity.

The core fucose can also exert a strong modulatory effect on the affinity for 
FcγRIIIa. Figure 10 illustrates the location of a fucose molecule in the glycan moi-
ety. In the mAb, the core fucose inhibits the carbohydrate contacts and decreases 
the binding affinity. Fucosylation of N-glycan thus reduces the affinity of mAb-FcR 
interaction by steric hindrance within the Fc cavity, obstructing the carbohydrate–
carbohydrate interaction [15].

Afucosylated mAb binds effectively to FcγRIIIa ligand [19]. Subsequently, 
fucosylated and non-fucosylated mAbs were compared on the column where it was 
shown that deletion of core fucose significantly increased both retention time and 
the ADCC activity (Figure 11).

Sialic acid (N-acetylneuraminic acid) has a role in ADCC activity. Sialylation 
in the context of core fucosylation significantly decreased ADCC activity [21] 
as the sialic acid lowers the binding affinity to Fc receptor [19]. In absense of 
core fucosylation, sialylation doesn’t have any significant impact on ADCC 
 activity [21]. FcγRIIIa affinity chromatography yields longer retention by core 
fucosylation, terminal galactosylation and sialylation [18]. Overall, the effect 

Figure 10. 
Schematic representation of the core fucose location in the N-glycan moiety (reprinted with permission).

Figure 11. 
Effect of the core fucose on ADCC activity [20] (reprinted with permission).
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of different glycan molecules on the binding strength to Fc receptor can be 
arranged in the following order: Galactosylated (terminal) > Afucosylated > 
Sialylated (terminal) N-glycans in mAb. Similalry, retention time and ADCC 
activity is expected to be in the following order in the other forms of glyco-
sylation patterns; A2G2 > A2G2S2 > A2G0, High mannose (HM) > FA2G2 and 
FA2G2S2 unless otherwise affected by any other factor. High mannose and 
A2G0 may be of similar activity. Complement-dependent cytotoxicity (CDC) is 
not significantly related to sugar structure [18].

5. Glycosylation profiling of a variety of monoclonal antibodies

IgG1 is the most abundant antibody in human body. Other antibodies are IgG2, 
IgG3, and IgG4 (Figure 12). Generally, IgG1, IgG3, and to some extent, IgG4 are 
formed against protein antigens. IgG2 is the major subclass formed against repeti-
tive T cell-independent polysaccharide structures found on encapsulated bacteria 
[22]. Most of the biotherapeutics predominantly belong to IgG1 subclass. The 
antibodies from subclasses other than IgG1, as well as numerous engineered forms, 
are also gaining plenty of interest for use as biotherapeutics (Figure 12).

Several commercially available IgGs were recently analyzed in-house using 
TSKgel FcR-IIIA-NPR column to compare their elution profiles. Almost all IgGs 
yielded the typical 3-peak separation profile although there was substantial dif-
ference in each peak height between IgGs. Generally, IgG1, IgG3 and IgG4 sub-
classes bind to TSKgel FcR-IIIA-NPR whereas IgG2 does not have affinity. Due to 

Figure 12. 
A structural representation of the IgG subclasses and the variation within these subclasses, including 
allotypes, hinge variation, and glycosylation. The variation originating from allotypic polymorphisms in the 
immunoglobulin heavy gamma (IGHG) Fc domain is indicated with blue stars. Except for the star representing 
the variation in hinge length between IgG3 allotypes, each smaller blue star indicates amino acid variation at 
one particular residue in the constant domain. Glycans attached to N297 in Fc region are highly variable and the 
frequency of each glycan moiety on IgG antibodies in human serum is indicated [22] (reprinted with permission).
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individual peak size differences, each mAb is indicative of its unique separation 
profile (Figure 13). This study thus shows that TSKgel FcR-IIIA-NPR column can be 
used for the analysis of a variety of IgG subclasses for glycosylation profiling. The 
results typically well correlate to ADCC activity.

Since the first FDA approvals of biosimilars in the USA in 2015, the interest 
continues to increase toward biosimilars. They are, in general, less costly to develop 
than the original or innovators. However, the biosimilar manufacturers are required 
to confirm the extent of similarity with the corresponding innovator. In the recent lit-
erature report [23], it was indeed confirmed that glycan microheterogeneity may play 
a critical role in effector function between the originals and biosimilars. In the study, 
it was shown that a biosimilar had a higher level of afucosylated glycans, resulting in 
a stronger FcγRIIIa binding affinity and increased ADCC activity. The study in the 
Figure 14 also shows that the TSKgel FcR-IIIA-NPR column yielded dissimilar chro-
matographic pattern for biosimilars as compared to its innovator. Thus this column 
can be used for monitoring biosimilar consistent with the innovator biomolecule.

Figure 14. 
Comparison of Roche’s innovator Rituximab to its two biosimilar biotherapeutic forms. The figure also includes 
mogamulizumab (Poteligeo™) as an example of a completely afucosylated mAb.

Figure 13. 
Analysis of a variety of monoclonal antibodies on TSKgel FcR-IIIA-NPR.
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6. Factors affecting the chromatographic separation

6.1 Salt concentration

Salts affect the separation of mAb on TSKgel FcR-IIIA-NPR. To best control 
the pH in the linear gradient, mobile phase should consist of a buffer with suitable 
buffering capacity whereas neutral salts are used to increase the ionic strength. Both 
components affect the binding affinity. Buffer provides pH control and salt ions 
provide charge shielding or stoichiometric ion bonding on the stationary phase and 
mAbs. Salts impart specific or non-specific effects by modulating protein–protein 
and protein-surface interactions. Binding affinity to the column depends on the 
binding constant. Increasing salt concentration have shown to lead to the elution 
at earlier retention time (Figure 15, Panel A), although the intensity of the effect 
probably is also related to the individual mAb studied. The binding strength is also 
dependent on the buffer used such as sodium citrate or sodium acetate. Citrate 
yielded stronger binding and hence higher retention time. Acetate buffer instead 
yielded better resolution of the peaks as compared to citrate (Figure 15, Panel B).

In the affinity chromatography, the optimum flow rate of elution may be depen-
dent on the molecule-specific interaction with the ligand. Irrespective of the flow 
rates (Figure 16), all the three glycoform peaks eluted within 67% of mobile phase 
B when the analysis was carried out using a linear gradient of 50 mM sodium citrate 
buffer from pH 6.5 to 4.5 over 50 minutes at 20°C. Although flow rate did not have 
effect on elution pH, lower flow rate may be used to increase the sensitivity due to 
longer residence time in the flow cell.

Figure 16. 
Increased sensitivity at lower flow rate.

Figure 15. 
Effect of salt (Panel A) and buffer (Panel B) on the separation of mAb glycoforms.
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6.2 Gradient slope

The gradient elution method is common for the separation of species of differ-
ent binding strength. Figure 17 shows the effect of a gradient slope on the separa-
tion mAb on TSKgel FcR-IIIA-NPR. As expected, longer gradient time increased the 
resolution between the peaks whereas the overall peak area and relative ratio of the 
peak areas remained unchanged. Figure 17 indicates how shallower slope increased 
the resolution between the three peaks. This is particularly noticeable between 
peaks 2 and 3. On the other hand, it should be noted that, for any further analytical 

Figure 17. 
Effect of gradient slope on the separation efficiency of peaks.
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work (e.g. for mass spec), longer gradient increases the peak volumes and thus peak 
fractions will be more diluted.

6.3 Temperature

The ligand in FcR-IIIA-NPR column is a 20-kDa folded polypeptide and thus spe-
cial care is to be considered to maintain protein conformation intact with proper run 
temperature. Figure 18 shows the separation of mAb at four different temperatures 
(5°C, 15°C, 20°C, 25°C) at flow rate of 0.2 mL/min. As the temperature increased, 
the retention time of the three peaks decreased, indicating somewhat lower binding 
affinity as a function of higher temperature. However, importantly, overall peak 
profile at each temperature remains unchanged. Thus, for practical reasons, tem-
perature range from 15 to 25°C is recommended for most analytical work. Following 
the completion of the analysis the column needs to be stored at 2–8°C.

6.4 Sample load

Figure 19 shows the effect of load amount of mAb on the separation profile. 
The limit of detection was determined as 1.5 μg as per USP definition S/N of 2–3. A 
load of 3.16 μg could still be easily quantified (LOQ ). The analysis was repeatable, 
robust and the total peak area increased proportionately as the load amount was 

Figure 18. 
Effect of temperature on the separation of mAb.

Figure 19. 
Effect of sample load on the separation of mAb.
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increased in a linear manner in consecutive injections. Relative ratio of the indi-
vidual peak areas in the three peaks remained constant. The column can generally 
be used up to 100 μg protein load. However, 5–50 μg load of mAb is recommended 
for the best resolution and for maintaining the lifetime of the column.

Presence of aggregates in IgG samples impact the binding to the Fcγ receptors. A 
recently published article reports that deamidated IgG samples caused aggregation or 
formation of higher molecular weight (HMW) species and thereby impacted the bind-
ing affinity. Asparagine deamidation led to reduced binding of IgG to the low affinity 
FcγRIIIa receptor [24]. IgGs may also be more prone to aggregation when glycans are 
absent, which in turn has an effect on Fc effector functions. Lack of glycan and its effect 
on binding is explained below in Section 7.1. IgG dimers and aggregates may also bind 
stronger to different types of Fc receptors and thus have significant impact on affinity 
determination. Accumulated strength of multiple non-covalent affinities between the 
ligand and the receptor is known as avidity effect. This effect can alter the binding to 
the receptor and should be considered during the analysis mAb with dimer and higher 
order aggregates. The interaction, if any, needs to be evaluated in case-by-case basis. 
Up to 5% of aggregates in IgG samples changed the binding and kinetics to each of the 
Fc receptors [24]. Methionine is easily oxidized to methionine sulfoxide which can also 
lead to light chain aggregation. Oxidation has impact on the binding to the Fcγ receptors 
and depends on the extent of oxidation. As reported [24], methionine oxidation below 
7% did not impact on binding to the receptors. Taken together, all above factors should 
be considered when using this column, especially during analysis method development 
for mAbs containing any amount of aggregates or oxidized forms.

7. Robustness of TSKgel FcR-IIIA-NPR affinity column

7.1 Selectivity

The usefulness of any affinity chromatography column depends on several 
robustness factors. Here, selectivity is dependent on the nature of N-glycan. This is 
clearly demonstrated by analyzing enzymatically deglycosylated mAb. PNGase-F 
deglycosidase reacts between asparagine residue and the innermost N-acetyl glucos-
amine (GlcNAc) of the complex oligosaccharide or high mannose content. Figure 20 
shows that enzymatically deglycosylated NIST mAb does not bind to the column and 
thus elutes in void volume.

7.2 Lot-to-lot variability

Scope of quality control of the therapeutic antibodies is expanding rapidly due to 
the emergence of biosimilars, “biobetter” forms and numerous other kinds of biolog-
ics in the biotherapeutic market. Lot-to-lot difference in the activity of innovator 
mAb may vary up to 20% in the manufacturing process [25]. Although substantial 
improvement has been attained in CHO cell engineering during recent years, and 
different strategies are there e.g., to produce afucosylated antibody drugs, still not 
enough technology is available to fully control in vivo glycosylation during production 
[26]. The lot-to-lot difference in N-glycan content may give rise to a wide variety of 
risk and thus N-glycan heterogeneity is a key factor to be monitored in quality control.

To demonstrate importance of the mAb lot-to-lot quality control, two manu-
facturing lots of mAb were analyzed using the TSKgel FcR-IIIA-NPR column 
(Figure 21). Both lots yielded a similar 3-peak elution profile. However, when 
percentual peak areas of the individual peaks were compared to check the consis-
tency between the two mAb lots. Lot B showed a higher glycan percentage in peak 
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1 (42% versus 34%) and lower percentual amounts in peaks 2 and 3. In a subse-
quent ADCC assay, this also correlated with lower ADCC activity in the lot B. This 
experiment thus supports the notion that FcR affinity chromatography is suitable 
for lot-to-lot quality control of therapeutic mAbs.

To confirm consistency in FcR column manufacturing is also equally important 
for quality control. Three different lots of TSKgel FcR-IIIA-NPR column (Lots A, B, 
and C) were tested using reference mAb sample under identical chromatographic 
conditions (Figure 22). No significant variation in 3-peak profile was noticed 
between the three different column lots.

7.3 Effect of host cell proteins on the separation of mAb

Most mAb pharmaceuticals are produced in CHO cell culture system. Host 
cell proteins (HCPs), or host cell impurities, are collectively recognized as several 
forms of host cell products such as DNA, proteins, endotoxin and, if contaminated, 
viruses. These together are considered as process-related contaminants. They often 
have antigenic or pyrogenic effects in human and thus must be removed during 
downstream processing.

Figure 21. 
N-glycan analysis of two manufacturing lots of a therapeutic antibody on TSKgel FcR-IIIA-NPR.

Figure 20. 
Deglycosylated mAb does not bind to the column.
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With regard to QC characterization, it is also necessary to assess if host cell 
proteins can interfere mAb binding on a TSKgel FcR-IIIA-NPR column. In the 
following study, CHO cell culture supernatant (“feedstock”) was directly used for 
FcR column analysis and the results were compared to a previously purified mAb 
in the same assay (Figure 23, Panel a). However, no significant difference was 
noticed between the two profiles. This indicates that the HCPs had no significant 
impact on the mAb affinity to FcR column and about 5 μg of mAb in a feedstock 
was enough to obtain a suitable signal for monitoring process development in a 
bioreactor. The robustness of the assay was further tested using the mAb in CHO 
cell supernatant with 200 consecutive injections (Figure 23, Panel b). The total 
peak area remained constant with a % RSD (n = 10) of 0.79. It was also noticed 
that addition of NaCl to minimize unwanted non-specific interactions further 
improved durability at 20°C. The Figure 23 (Panel c) shows how FcR column can 
be used for cell line selection and upstream monitoring. In this case, samples from 
CHO cell culture supernatant were collected, filtered, captured on protein A, 
and then injected to a TSKgel FcR-IIIA-NPR column. NaCl was added to improve 
separation. Glycoform changes in mAb were monitored over 14 days. The propor-
tion of the intensities and peak areas of the three peaks significantly changed 
over the days that can be correlated to indicate changes in ADCC activity during 

Figure 23. 
(a) Analysis of CHO cell feedstock containing mAb versus purified mAb. (b) Assessment of FcR column 
stability over 200 injections. (c) Monitoring of glycan composition changes during fermentation.

Figure 22. 
Lot-to-lot consistency in TSKgel FcR-IIIA-NPR column manufacturing.
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fermentation. Thus, by monitoring samples from the bioreactor using TSKgel 
FcR-IIIA-NPR, process engineers can approximate the optimal day for desired 
yield and ADCC activity.

7.4 Column pH stability and cleaning

Recommended working pH for the FcR column as mentioned in operational 
conditions and specifications (OCS) is from pH 8 to 4. As mentioned earlier, the 
protein ligand contains eight amino acid substitutions for improved stability. To 
further test acid stability, the column was held at pH3 for 200 hours. The modified 
ligand did not lose its binding affinity and the selectivity while the wild-type lost 
the binding affinity and selectivity within one hour (Figure 24). Based on this and 
other studies, a pH range of 3–8 is can be used for short term and pH 4.5–7 for long 
term usage. Due to a protein nature of the ligand, acetonitrile and other organic 
solvents are not suitable for the column. For cleaning, 3–5 injections of 0.5–2 mL 
of a buffer containing 500 mM NaCl or 20% ethanol can safely be used in reverse 
direction at half the normal flow rate. Once the cleaning procedure is complete, 
it is necessary to equilibrate the column in mobile phase for at least 45 minutes. 
Cleaning with alkalic solutions above pH 8 are not recommended since this will 
denature the protein ligand. Sodium azide (0.05%) can be used in the mobile phase 
as  antibacterial agent.

8.  Mass spectrometric characterization of glycoform peaks separated by 
TSKgel FcR-IIIA-NPR column

Mass spectrometric characterization is becoming an integral part of the liquid 
chromatography analysis. As an example how TSKgel FcR-IIIA-NPR column can be 
utilized in mass spec work, we describe here an in-line LC–MS intact mAb analysis 
of trastuzumab (Herceptin Biosimilar). The analysis was carried out using 100 mM 
volatile ammonium acetate buffer and a linear pH gradient from pH 6.5 to pH 4.5 at 
the flow rate of 0.4 mL/min. The wavelenght of detection was 280 nm. The column 
temperature during the analysis was maintained at 20°C. Three glycoform peaks could 
be detected by UV detector. Mass spectrometric detection was carried out using SCIEX 
X500B Q-TOF in ESI positive mode, within mass/charge (m/z) range of 5000–7000. 
Ion source gases 1 and 2 were maintained at 50 psi, curtain gas at 30 psi, CAD gas at 
7 psi and temperature at 450°C. Spray voltage was maintained at 5200 V, declustering 

Figure 24. 
Acid stability of a recombinant FcγRIII ligand as compared to a wild type ligand.
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potential at 275 V, and collison energy at 20 V. Time bins to sum was set at 120. For the 
automated characterization of the data acquired on the X500B QTOF, SCIEX Biotool 
kit software was used. Total Ion Chromatogram (TIC) was obtained by summing up 
intensities of all mass spectral peaks belonging to the same scan. An overlay of UV pro-
file and TIC profile is shown in Figure 25. For further analysis of glyosylation profiles 
of these three peaks, SCIEX BioPharmaView™ software can be used.

As mentioned earlier, organic solvents such as acetonitrile are not suitable for the 
column and vapor pressure of water is very low. Thus, volatile salts such as 100 mM 
ammonium acetate or ammonium formate are used. To avoid ion source contamination 
during prolonged use, molarity should be kept at low (preferably <50 mM). Depending 
on the need for further optimization for different mAbs, volatile salt ammonium 
bicarbonate can also be used as such or in combination with other volatile salts.

9. Analysis of Fc fragment on TSKgel FcR-IIIA-NPR

The C-terminal part of the heavy chains contains the Fc fragment which is 
responsible for cellular effector functions, essential for proper function of most 
therapeutic mAbs. In some cases, it is desirable to express fragment antibodies that 
are smaller than intact mAbs but still are capable of eliciting their therapeutic func-
tion by activation of the immune system. Literature reports that both glycoengineer-
ing and protein engineering have rendered Fc domains with enhanced Fc receptor 
binding. In general, Fc fragments and their numerous variants are rapidly gaining 
interest as a platform in the development of efficient biotherapeutics.

The binding efficiency of the Fc fragment was tested in-house to assess suit-
ability of TSKgel FcR-IIIA-NPR column on the characterization of smaller fragment 
antibodies. In short, trastuzumab was fragmented with papain that cleaves IgG at 
His228 forming two Fab parts and one Fc part (Figure 26). The reaction mixture 
was incubated at 37°C for 15 minutes to activate papain followed by mAb addition 
and further incubation overnight at room temperature. Papain activity was stopped 
with 5 mM iodoacetamide. A control a sample (no papain during incubation) and a 
sample from papain digestion were used for this study. Size exclusion chromatogra-
phy followed by mass spectrometric analysis confirmed >95% cleavage of mAb to Fc 
and Fab fragments (data available by request).

Both the control mAb and fragments were analyzed on TSKgel FcR-IIIA-
NPR column. As expected, Fab did not bind to the FcR column but eluted in 

Figure 25. 
Overlay of UV spectrum and Total Ion Chromatogram (TIC) of Herceptin Biosimilar.
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flow-through. Fc fragment efficiently bound to the column and yielded three 
glycoform peaks similar to intact mAb (Figure 27). Same sample volumes from 
the control sample and digestion reaction mixture were loaded onto the column. 
Lower peak heights for the Fc fragment were due to loss of Fab (2 x 48 kDa) from 
the protein mass during analysis. Interestingly, slightly longer retention times were 
detected for Fc fragment peaks, thus suggesting more rigid conformational stabil-
ity for the Fc fragment leading to stronger binding as compared to the intact mAb. 
In summary, this experiment confirms that fragment antibodies, as long as they 
contain intact unobstructed Fc region, can be tested using the FcR column.

10. Novelty of TSKgel FcR-IIIA-NPR column

The mechanism of binding for IgG and other Fc engaging molecules is shown 
in the Figure 28. Complement component (C1q), Fc gamma receptors (FcγR), the 
Neonatal Fc receptor (FcRn), Tripartite motif 21 (Trim21), and Fc receptor-like 
(FcRL) molecules bind to various locations of mAb for the exertion of biological 
activity. For each ligand, the stoichiometric ratio of binding is also reported (Panel 
a). Recently, a biotinylated recombinant human FcRn immobilized to a Streptavidin 
Sepharose matrix and packed in a low pressure FPLC column has been introduced 
by Roche. A prepacked analytical protein-A affinity column (TSKgel ProteinA 
5-PW) marketed by Tosoh also interacts with Fc region. Site of interaction of FcγR 
is separate from the site of interaction for FcRn or Protein A as seen in the Figure 28 
Panel b.

Figure 26. 
Schematic representation of monoclonal antibody fragmentation with papain.

Figure 27. 
Analysis of intact mAb and Fc fragment on TSKgel FcR-IIIA-NPR column.
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TSKgel FcR-IIIA-NPR and TSKgel Protein A-5PW columns were tested for binding 
affinity of mAb with and without N-glycan using surface plasmon resonance tech-
nique (Figure 29). Protein A affinity chromatography column showed similar binding 
to mAb regardless of N-glycan whereas TSKgel FcR-IIIA-NPR column did not bind to 
mAb without N-glycan, similarly to the result in the Figure 20. Thus, the FcR column 
is unique due to its capability to analyze mAbs solely on the basis of their glycosylation.

11.  Preparative scale purification of antibodies using FcR-based 
chromatography technique

Here, we provide a quick preview of the preparative scale TSKgel FcR-IIIA-5PW 
column that will be commercially available soon. The preparative column is manu-
factured using the same recombinant FcγRIIIA protein ligand, however, the ligand 
in this column is bound to porous (~100 nm nominal pore size) polymethacrylate 
polymer base beads. The column is suited for mAb purification in a significantly 
larger scale (loading 0.5–5 mg) as compared to the analytical FcR column (loading 
≤100 μg). Chromatographic profile in the Figure 30, panel A was obtained using  
U/HPLC instrument and the analytical FcR column whereas the panel B shows peak 
separation with the preparative FcR column connected to a FPLC instrument. The 
peak separation profiles are closely similar with both columns. However, the prepar-
ative scale column allows collection of much more material for further experimenta-
tion such as glycan release, labeling and HILIC analysis, among other assays.

Figure 29. 
Selectivity of the modified recombinant FcγRIIIa ligand vs. Protein A ligand.

Figure 28. 
Interaction of IgG with Fc effector molecules and protein A.
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12. Conclusions

TSKgel FcR-IIIA-NPR affinity chromatography column is a unique tool separat-
ing monoclonal antibodies into three peaks based on their glycosylation profile. 
Selectivity of the genetically engineered FcγRIIIa ligand is very specific to the mAb 
based on its glycan composition on highly conserved Asn-297 residue. IgG1, IgG3 
and IgG4 subclasses bind to the FcR column whereas IgG2 subclass does not have 
affinity. IgA and IgM also don’t bind to this column. Non-glycosylated mAb also 
does not bind to the column. Importantly, this column can be used for fast evalu-
ation of antibody’s ADCC effector function since the peak profile correlates well 
with the ADCC activity. Longer the retention time, higher is the ADCC activity.

The generally accepted workflow for mAb characterization, based on its glycan 
content typically follows the three different pathways (Figure 31, panel A). These are 
reporter bioassay for monitoring ADCC activity, Surface Plasmon Resonance (SPR) 
for measuring FcR affinity and U/HPLC-MS analysis for characterization of the glycan 
structure. Characterization of mAb on TSKgel FcR-IIIA-NPR column can combine 
these three pathways to one workflow (Figure 31, Panel B) in most circumstances.

The column is expected to be useful in several application areas (Figure 32) 
including (a) early screening of ADCC activity, (b) upstream (cell culture) opti-
mization, (c) quality control of the mAb lot-to-lot consistency and (d) comparison 
between innovator and biosimilar products. Overall, this novel FcR affinity column 
is anticipated to be useful in research and development, characterization, manufac-
turing and quality control.

Figure 31. 
Workflow for the characterization of mAb.

Figure 30. 
Separation of mAb glycoforms using (A) analytical FcR column and (B) preparative FcR column.
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12. Conclusions

TSKgel FcR-IIIA-NPR affinity chromatography column is a unique tool separat-
ing monoclonal antibodies into three peaks based on their glycosylation profile. 
Selectivity of the genetically engineered FcγRIIIa ligand is very specific to the mAb 
based on its glycan composition on highly conserved Asn-297 residue. IgG1, IgG3 
and IgG4 subclasses bind to the FcR column whereas IgG2 subclass does not have 
affinity. IgA and IgM also don’t bind to this column. Non-glycosylated mAb also 
does not bind to the column. Importantly, this column can be used for fast evalu-
ation of antibody’s ADCC effector function since the peak profile correlates well 
with the ADCC activity. Longer the retention time, higher is the ADCC activity.

The generally accepted workflow for mAb characterization, based on its glycan 
content typically follows the three different pathways (Figure 31, panel A). These are 
reporter bioassay for monitoring ADCC activity, Surface Plasmon Resonance (SPR) 
for measuring FcR affinity and U/HPLC-MS analysis for characterization of the glycan 
structure. Characterization of mAb on TSKgel FcR-IIIA-NPR column can combine 
these three pathways to one workflow (Figure 31, Panel B) in most circumstances.

The column is expected to be useful in several application areas (Figure 32) 
including (a) early screening of ADCC activity, (b) upstream (cell culture) opti-
mization, (c) quality control of the mAb lot-to-lot consistency and (d) comparison 
between innovator and biosimilar products. Overall, this novel FcR affinity column 
is anticipated to be useful in research and development, characterization, manufac-
turing and quality control.

Figure 31. 
Workflow for the characterization of mAb.

Figure 30. 
Separation of mAb glycoforms using (A) analytical FcR column and (B) preparative FcR column.
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Chapter 5

In silico Techniques for Prospecting 
and Characterizing Monoclonal 
Antibodies
Tania M. Manieri, Carolina G. Magalhaes, Daniela Y. Takata, 
João V. Batalha-Carvalho and Ana M. Moro

Abstract

In the past few years, improvement in computational approaches provided faster 
and less expensive outcomes on the identification, development, and optimization 
of monoclonal antibodies (mAbs). In silico methods, such as homology modeling, 
to predict antibody structures, identification of epitope-paratope interactions, and 
molecular docking are useful to generate 3D structures of the antibody–antigen 
complexes. It helps identify the key residues involved in the antigen–antibody 
complex and enable modifications to enhance the antibody binding affinity. Recent 
advances in computational tools for redesigning antibodies are significant resources 
to improve antibody biophysical properties, such as binding affinity, solubility, sta-
bility, decreasing the timeframe and costs during antibody engineering. The immu-
nobiological market grows continuously with new molecules, both natural and new 
molecular formats, such as bispecific antibodies, Fc-antibody fusion proteins, and 
mAb fragments, requiring novel methods for designing, screening, and analyzing. 
Algorithms and software set the in silico techniques on the innovation frontier.

Keywords: antibody structure modeling, VH-VL, computational analyses, epitope 
prediction, paratope prediction, molecular docking

1. Introduction

The development of new therapeutic antibodies is a multiple task challenge. 
The approval of OKT3 (1986), the first therapeutic mAb, opened the perspective of 
using this class of product in many other antibody-based therapies. Only the con-
cept of “Magic Bullets,” however, was not enough to provide for safety and efficacy, 
resulting in many preclinical or clinical trial failures. Soon became evident the need 
for the humanization of antibodies that mitigated their immunogenicity with the 
counterpart of decreasing their affinity in many cases. An alternative to circumvent 
this issue relied on back mutations. However, how to suggest such mutations?

Methodologies have emerged to optimize newly discovered antibodies, either 
in their affinity to the target or other properties, including in silico methods. The 
computational capacity has grown exponentially over the past few decades, providing 
an equally exponential advance in computational drug optimization techniques. The 
increased public’s databases associated with bigdata works transformed the internet in 
the most profitable “laboratory” with free reagents (i.e., data), low-risk experiments 
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(i.e., in silico assays), and time safe results. Considering all these aspects together are a 
simple way to understand the webtools’ strengths.

In this chapter, we present different aspects of in silico methodologies for 
prospecting and characterizing mAbs. For didactic reasons, we could start from 
modeling molecules by homology (Section 2), followed by the prediction of 
epitopes and paratopes, affinity maturation, and molecular docking in Section 3, 
and finally, the improvement of biophysical and biological properties in Section 
4. We aim to present free tools currently available, highlighting their features and 
applications, allowing the readers to find the most appropriate way to solve their 
problems. Albeit many tools and their applicability are shown, we call attention to 
their sequence of use and refinement that is inherent to the particular questions to 
be answered. We remind you that all the tools presented here were available online 
and free of charge to the academy until the closing of this edition.

2. Antibody structure modeling

The ability of the antibodies to recognize a diverse set of antigens is acquired by 
V(D)J recombination and affinity maturation. These two mechanisms contribute to 
a large number of possible unique sequences of the antibodies, around 1011–15 [1–3].

Protein structures are strongly related to specificity and function, and their 
knowledge is crucial to analyze the antibody. Although many crystal structures are 
available in the Protein DataBank [4], this number is small (around 6700) com-
pared to the number of possible sequences. Computational modeling is a feasible 
method for predicting antibodies’ structures and allows us to evaluate antibodies’ 
properties and to understand antibody–antigen interaction.

The first step in the antibody modeling is its alignment with the germline 
sequence and the V(D)J classification. The International Immunogenetics 
Information System (IMGT) [5] is the central database of germline antibody 
sequences. Some webtools, such as IgBlast [6] and IMGT/V QUEST [7], use this 
database to align and classify the annotated sequence (Table 1). Since differences in 
the variable domains are responsible for the structural and functional antibodies’ 
diversity, most of the structure prediction methods are based on the Fv modeling 
(Table 1). Framework regions are sequences with highly conserved structures, 
making it easier to generate their models from template structures. CDRs from 
the light chain (CDRs L1–3), CDRs 1 and 2 from the heavy chain (CDRs H1–2) are 
relatively conserved, regarding their structures, being possible to predict their 
structures based on their amino acid sequence. There is a set of canonical structures 
that allows us to predict the conformation of each loop. Recent studies have clas-
sified non-CDR H3 loops by their type and length and identified 72 clusters [62]. 
CDR H3 loop is usually longer (5–26 amino acids) than the others and presents a 
highly diverse structure. The CDR H3 loop also influences the VL-VH orientation 
and, consequently, the antibody–antigen interaction [63, 64]. For these reasons, the 
major challenge in antibody modeling is to achieve accuracy in CDR3 loop structure 
prediction. Usually, the primary sequence of CDR H3 is not enough for the predic-
tion of the loop conformation.

Some information, as the position of the key residues, seems to be necessary. 
CDR H3 can be divided into two regions, the torso and the head [65]. The head 
usually presents a standard hairpin structure [65]. The torso, which is the region 
closer to the framework, can be predicted comparing with similar antibodies in 
which crystal structures are available on databases. Some software as Rosetta 
[66] has a platform to predict antibody structure, which first models each CDR 
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Antibody structural 
modeling

Link Ref.
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IMGT V-Quest http://www.imgt.org/IMGTindex/V-QUEST.php [7]

SPHINX http://opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/sphinx [9]

AbodyBuilder http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/Modelling.php [10]

LYRA http://www.cbs.dtu.dk/services/LYRA/index.php [11]

Kotai Antibody 
Builder

https://sysimm.org/rep_builder/ [12]

Rosetta Suite http://rosie.rosettacommons.org/ [13]

PEARS http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/PEARS.php [14]

SCWRL http://dunbrack.fccc.edu/scwrl4/ [15]

BetaSCPWeb http://voronoi.hanyang.ac.kr/betascpweb/ [16]

FREAD http://opig.stats.ox.ac.uk/webapps/fread/php/ [17]

PLOP http://www.jacobsonlab.org/plop_manual/plop_overview.htm [18]

SCALOP http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/SCALOP.php [19]

Paratope prediction Link Ref.

Paratome http://ofranservices.biu.ac.il/site/services/paratome/ [20]

Antibody i-Patch http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/ABipatch.php [21]

proABC-2 https://bianca.science.uu.nl/proabc2/ [22]
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Epitope prediction Link Ref.

EpiPred http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/EpiPred.php [24]
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IEDB (database) https://www.iedb.org/ [26]

Linear B-cells 
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http://tools.iedb.org/bcell/ [27, 28]
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Conservancy 
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Antibody–antigen 
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AutoDock http://autodock.scripps.edu/ [38]

AutoDockFR https://ccsb.scripps.edu/adfr/ [39]

FLIPDock http://flipdock.scripps.edu/ [40]
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(i.e., in silico assays), and time safe results. Considering all these aspects together are a 
simple way to understand the webtools’ strengths.
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CDR H3 loop is usually longer (5–26 amino acids) than the others and presents a 
highly diverse structure. The CDR H3 loop also influences the VL-VH orientation 
and, consequently, the antibody–antigen interaction [63, 64]. For these reasons, the 
major challenge in antibody modeling is to achieve accuracy in CDR3 loop structure 
prediction. Usually, the primary sequence of CDR H3 is not enough for the predic-
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Some information, as the position of the key residues, seems to be necessary. 
CDR H3 can be divided into two regions, the torso and the head [65]. The head 
usually presents a standard hairpin structure [65]. The torso, which is the region 
closer to the framework, can be predicted comparing with similar antibodies in 
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and framework based on very similar antibodies and then generates the CDR H3 
conformations by assembling small peptides fragments. Software as SPHINX [9], 
uses ab initio modeling algorithm to predict CDR H3 conformation. Some software 
that performs the antibody structure modeling, and also the CDR H3 modeling, are 
listed in Table 1.

Antibody modeling is an essential step for most of the procedures discussed 
below, and the researcher must proceed according to the necessary refinement.

3.  Antibody-antigen complex: methods of paratope and epitope 
prediction; molecular docking

In the past few years, improvement in computational approaches provided faster 
and less expensive outcomes on the identification, development, and optimiza-
tion of monoclonal antibodies (mAbs). One of the leading goals of the rational 

Antibody structural 
modeling

Link Ref.

Swarmdock https://bmm.crick.ac.uk/~svc-bmm-swarmdock/ [41]

SnugDock http://rosie.graylab.jhu.edu/snug_dock [42]

HADDOCK https://wenmr.science.uu.nl/haddock2.4/ [43]

FRODOCK http://frodock.chaconlab.org/ [44]

Biophysical 
properties of mAbs

Link Ref.

DeepDDG http://protein.org.cn/ddg.html [45]

ScooP http://babylone.ulb.ac.be/SCooP/ [46]

Mupro1.0 http://sysbio.rnet.missouri.edu/multicom_toolbox/index.html [47, 48]

Ease MM https://sparks-lab.org/server/ease-mm/ [49]

Strum https://zhanglab.ccmb.med.umich.edu/STRUM/ [50]

MCSM http://biosig.unimelb.edu.au/mcsm/stability [51]

SDM http://marid.bioc.cam.ac.uk/sdm2/ [52]

TAP http://opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/tap [53]

AgreeRATE-Disc https://www.iitm.ac.in/bioinfo/aggrerate-disc/ [54]

ISMBLab-PPI http://ismblab.genomics.sinica.edu.tw/predict.php?pred=PPI [55]

Prediction of 
glycosylation spots

Link Ref.

NetNGlyc 1.0 https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0 [56]

N-GlyDE http://bioapp.iis.sinica.edu.tw/N-GlyDE/ [57]

GlycoMod https://web.expasy.org/glycomod/ [58]

GlyConnect https://glyconnect.expasy.org/home —

GlycoSiteAlign https://glycoproteome.expasy.org/glycositealign/ [59]

NetCGlyc http://www.cbs.dtu.dk/services/NetCGlyc/ [60]

NetOGlyc http://www.cbs.dtu.dk/services/NetOGlyc/ [61]

Table 1. 
Free onlinetools and databases. Adapted from Norman et al., 2019 [8].
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development of antibodies is the identification of epitope-paratope interactions. 
3D structures of the antibody–antigen complex using X-ray crystallography are the 
gold standard to reach the binding site information; however, these experimental 
methods can be money and time-consuming, and scarce to obtain. Thus, computa-
tional methods mean a rapid alternative across antibody discovery.

In silico methods, such as homology modeling, molecular docking, and interface 
prediction can be used to generate 3D models of the antibody–antigen complexes 
and to predict critical residues involved in antigen binding. Once the antibody–
antigen contact residues are known, it can be computationally mutated to screen 
for residues that could increase antibody specificity and affinity against the target, 
if desired. Computational techniques to perform such a process fall into those 
that predict the paratope, the epitope, or the entire antibody–antigen complex 
(Figure 1).

3.1 Paratope prediction

Paratope represents the antibody amino acid residues in direct contact with the 
antigen. Since antigen-binding typically involves residues in the CDRs, about 80% 
of the amino acids constituting the paratope are in the CDRs [67]. However, only a 
third of the CDR residues participate in antigen binding [68]. Besides the residues 
in the CDRs, some framework regions are also involved in antigen-binding [67], 
relevant to identify the paratope residues precisely.

Several computational methods exist to predict paratopes (Table 1). The online 
tool Paratome [20] indicates the antigen-binding regions given the amino acid 
sequence or 3D structure. It identifies structural elements consensus, which is 
commonly involved in antigen binding between antibodies by aligning a set of all 

Figure 1. 
Schematic representation of the computational approaches flows used in the antibody design and 
characterization. Methods to in silico antibody analyses can be summarized into annotating the sequence, 
modeling the framework, modeling the CDR loops, and optimizing the VH-VL orientation, followed by 
predicting the paratope, the epitope, and the antibody–antigen contact residues. Mostly, the antibody 
design is performed, aiming the identification of hot spots residues suitable for mutagenesis to improve the 
antibody binding affinity to the target and antibody biophysical properties, such as stability, solubility. From 
the annotated sequence, it is possible to carry out the aggregation and solubility analyses and predict the 
glycosylation sites. These analyses can serve as verification steps throughout the process of antibody design and 
characterization.
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and framework based on very similar antibodies and then generates the CDR H3 
conformations by assembling small peptides fragments. Software as SPHINX [9], 
uses ab initio modeling algorithm to predict CDR H3 conformation. Some software 
that performs the antibody structure modeling, and also the CDR H3 modeling, are 
listed in Table 1.

Antibody modeling is an essential step for most of the procedures discussed 
below, and the researcher must proceed according to the necessary refinement.
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development of antibodies is the identification of epitope-paratope interactions. 
3D structures of the antibody–antigen complex using X-ray crystallography are the 
gold standard to reach the binding site information; however, these experimental 
methods can be money and time-consuming, and scarce to obtain. Thus, computa-
tional methods mean a rapid alternative across antibody discovery.

In silico methods, such as homology modeling, molecular docking, and interface 
prediction can be used to generate 3D models of the antibody–antigen complexes 
and to predict critical residues involved in antigen binding. Once the antibody–
antigen contact residues are known, it can be computationally mutated to screen 
for residues that could increase antibody specificity and affinity against the target, 
if desired. Computational techniques to perform such a process fall into those 
that predict the paratope, the epitope, or the entire antibody–antigen complex 
(Figure 1).

3.1 Paratope prediction

Paratope represents the antibody amino acid residues in direct contact with the 
antigen. Since antigen-binding typically involves residues in the CDRs, about 80% 
of the amino acids constituting the paratope are in the CDRs [67]. However, only a 
third of the CDR residues participate in antigen binding [68]. Besides the residues 
in the CDRs, some framework regions are also involved in antigen-binding [67], 
relevant to identify the paratope residues precisely.

Several computational methods exist to predict paratopes (Table 1). The online 
tool Paratome [20] indicates the antigen-binding regions given the amino acid 
sequence or 3D structure. It identifies structural elements consensus, which is 
commonly involved in antigen binding between antibodies by aligning a set of all 

Figure 1. 
Schematic representation of the computational approaches flows used in the antibody design and 
characterization. Methods to in silico antibody analyses can be summarized into annotating the sequence, 
modeling the framework, modeling the CDR loops, and optimizing the VH-VL orientation, followed by 
predicting the paratope, the epitope, and the antibody–antigen contact residues. Mostly, the antibody 
design is performed, aiming the identification of hot spots residues suitable for mutagenesis to improve the 
antibody binding affinity to the target and antibody biophysical properties, such as stability, solubility. From 
the annotated sequence, it is possible to carry out the aggregation and solubility analyses and predict the 
glycosylation sites. These analyses can serve as verification steps throughout the process of antibody design and 
characterization.
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known antigen–antibody complexes on PDB. Paratome can also identify positions 
in the framework region that might contribute to antigen recognition [20, 67]. 
However, this tool does not provide information on the specific residues directly 
involved in the binding, relevant to antibody engineering experiments, such as in 
silico affinity maturation [69].

Statistical approaches such as Antibody i-Patch [21] utilizes structural informa-
tion of both the antibody and antigen to generate its paratope prediction. This 
software assigns a score to each residue indicating how likely they are to be in con-
tact with a given antigen. The higher score implies that the residue is more likely to 
form part of the paratope, information useful in guiding mutations in the artificial 
affinity maturation process. The tool considers the structure of both antibody and 
antigen. It should return more bespoke results, generating more accurate antigen-
binding residue predictions.

Recently, machine learning approaches overcame Paratome and Antibody 
i-Patch. The PRediction Of AntiBody Contacts (proABC) [69] is a random forest  
algorithm, based on a machine-learning method, which uses the antibody 
sequences (eliminating the need for a 3D structure), the hypervariable loop canon-
ical forms and lengths [70], and the germline family [71] as features to predict 
which residues of an antibody are involved in recognizing its cognate antigen. The 
prediction includes the nature of their contacts, distinguishing between hydrogen 
bonds, hydrophobic, and other non-bonded interactions. The proABC-2 [22] is 
an update of the original random-forest antibody paratope predictor, which uses 
the same set of features, but based on a deep learning framework, thus  generating 
improved predictions and, as a consequence, increasing the success rate and 
 quality of the docked models.

The Parapred [23] was the first algorithm based on modern deep learning for 
paratope prediction. This method only requires the amino acid sequence of a CDR 
and four adjacent residues as its input, without a full sequence, homology model, 
crystal structure, or antigen information. Its predictions improve the speed and 
accuracy of a rigid docking algorithm. The AG-Fast-Parapred [72] is an outperform 
of Parapred, which for the first time, provides antigen information in an in-depth 
paratope predictor.

Computational predictors of paratopes can provide valuable information to 
guide the modeling of antibody–antigen complexes. They will enable the accurate 
identification of residues that are the most important in determining the anti-
body’s activity, leaving other residue positions as potential mutation sites, open to 
exploring other molecular characteristics by engineering.

3.2 Epitope prediction

The epitope is the antigen region in contact with the antibody in an antibody–
antigen complex. Accurate identification of an epitope is a substantial step in 
characterizing the function of an antibody, helps predict possible cross-reactivity, 
and understand antibody mechanisms of action. The gold standard to determine 
the antibody epitope and the paratope is the 3D structure of the antibody–antigen 
complex by X-ray crystallography. Adding to these methods, peptide array, peptide 
ELISAs, phage display, expressed fragments, partial proteolysis, mass spectrom-
etry, and mutagenesis analyses are also experimental methods applied to identify 
antibody epitopes. However, those assays can be expensive, time-consuming, and 
their outcome is uncertain [73].

Computational methods serve as an alternative to identify antibody epitopes 
(Table 1) [74]. Methods for computational B-cell epitope prediction can be cat-
egorized into the sequence and structure-based methods; the former focus on 
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identifying contiguous stretches of primary amino acid sequence to predict linear 
epitopes. In contrast, the latter takes into account their 3D structure to predict con-
formational epitopes. The first in silico B-cell epitope prediction methods focused 
on amino acid properties within a sequence, such as hydrophobicity, hydrophilicity, 
or antigenicity [75–79]. They aim to identify propensities and patterns of a set of 
residues on the antigen capable of binding to an antibody [29]. However, in many 
epitope prediction methods, it lacks information on the cognate antibody result-
ing in limited practical use since the epitopes predicted are generical. Therefore, 
antibody-specific epitope prediction methods later replaced these approaches.

The first antibody-specific epitope prediction method was suggested in 2007 by 
Rapberger et al. [80]. Some approaches, such as ASEP [81], BEPAR [82], ABEpar [83], 
and PEASE [25], are antibody-specific epitope prediction methods that do not require 
antibody structure. The PEASE (Predicting Antibody-Specific Epitopes) method 
is based on a machine-learning model and utilizes the sequence of the antibody, in 
the absence of structural information. It evaluates a pair score for all combinations 
of residues from the antibody CDR and residues from the surface-exposed region 
of antigen. The predictions are provided both at the residue level and as patches on 
the antigen structure using antibody–antigen contact preferences and other proper-
ties computed from the antibody sequence and antigen structure or sequence. The 
EpiPred [24] is an antibody-specific epitope prediction method that identifies the 
epitope region on the antigen combining conformational matching of the antibody–
antigen structures and a specific antibody–antigen score. Patches on the antigen 
structure are ranked according to how likely they are to be the epitope. This method 
aims to generate epitope predictions specific for a given antibody to facilitate docking.

The most recent approaches, such as MabTope [84] and the method suggested 
by Jespersen et al. [85], are docking-based prediction methods of the epitope. 
The MabTope methodology integrates both a docking-based prediction method 
and experiment steps. MabTope involves three phases; in the first, docking the 
antibody on its target to generate possible conformations of the antigen–antibody 
complex (docking poses); secondly, ranking these docking poses with the design 
of the peptides predicted to be part of the epitope; and last, experimental valida-
tion procedures based on these peptides. The method suggested by Jespersen et al. 
combines geometric and physicochemical features correlated in paratope-epitope 
interactions with statistical and machine learning algorithms. This method can 
identify the cognate antigen target for a given antibody, besides the antibody target 
for a given antigen.

Several B-cell epitope databases were developed over the last decades, compiling 
validated information of the experimentally annotated B-cell epitopes. The Immune 
Epitope Database (IEDB) [26] is a multifaceted database that includes epitope 
sequence and structure, source antigen, the organism from which the epitope is 
derived, and details of the experiments describing recognition of the epitope. IEDB 
provides tools to predict linear B-cell epitopes based on sequence characteristics 
of the antigen [27, 28], and also to predict B-cell epitopes from protein structure, 
using methods based on solvent-accessible surfaces, such as DiscoTope [29, 30] 
and ElliPro [31]. The database Epitome [32] compiles a collection of antibody–anti-
gen complex structures, describes the residues (on antigen and antibody CDRs) 
involved in the interactions, and provides information concerning specific struc-
tural characteristics of the binding regions.

The epitope information from the B-cell epitope databases can evaluate existing 
epitope prediction methods and develop new and better algorithms for prediction. 
The identification or prediction of epitopes might be useful as an information for 
more sophisticated computational antibody design methods, such as antibody–
antigen docking.
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algorithm, based on a machine-learning method, which uses the antibody 
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identifying contiguous stretches of primary amino acid sequence to predict linear 
epitopes. In contrast, the latter takes into account their 3D structure to predict con-
formational epitopes. The first in silico B-cell epitope prediction methods focused 
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ing in limited practical use since the epitopes predicted are generical. Therefore, 
antibody-specific epitope prediction methods later replaced these approaches.
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and PEASE [25], are antibody-specific epitope prediction methods that do not require 
antibody structure. The PEASE (Predicting Antibody-Specific Epitopes) method 
is based on a machine-learning model and utilizes the sequence of the antibody, in 
the absence of structural information. It evaluates a pair score for all combinations 
of residues from the antibody CDR and residues from the surface-exposed region 
of antigen. The predictions are provided both at the residue level and as patches on 
the antigen structure using antibody–antigen contact preferences and other proper-
ties computed from the antibody sequence and antigen structure or sequence. The 
EpiPred [24] is an antibody-specific epitope prediction method that identifies the 
epitope region on the antigen combining conformational matching of the antibody–
antigen structures and a specific antibody–antigen score. Patches on the antigen 
structure are ranked according to how likely they are to be the epitope. This method 
aims to generate epitope predictions specific for a given antibody to facilitate docking.
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by Jespersen et al. [85], are docking-based prediction methods of the epitope. 
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antibody on its target to generate possible conformations of the antigen–antibody 
complex (docking poses); secondly, ranking these docking poses with the design 
of the peptides predicted to be part of the epitope; and last, experimental valida-
tion procedures based on these peptides. The method suggested by Jespersen et al. 
combines geometric and physicochemical features correlated in paratope-epitope 
interactions with statistical and machine learning algorithms. This method can 
identify the cognate antigen target for a given antibody, besides the antibody target 
for a given antigen.

Several B-cell epitope databases were developed over the last decades, compiling 
validated information of the experimentally annotated B-cell epitopes. The Immune 
Epitope Database (IEDB) [26] is a multifaceted database that includes epitope 
sequence and structure, source antigen, the organism from which the epitope is 
derived, and details of the experiments describing recognition of the epitope. IEDB 
provides tools to predict linear B-cell epitopes based on sequence characteristics 
of the antigen [27, 28], and also to predict B-cell epitopes from protein structure, 
using methods based on solvent-accessible surfaces, such as DiscoTope [29, 30] 
and ElliPro [31]. The database Epitome [32] compiles a collection of antibody–anti-
gen complex structures, describes the residues (on antigen and antibody CDRs) 
involved in the interactions, and provides information concerning specific struc-
tural characteristics of the binding regions.

The epitope information from the B-cell epitope databases can evaluate existing 
epitope prediction methods and develop new and better algorithms for prediction. 
The identification or prediction of epitopes might be useful as an information for 
more sophisticated computational antibody design methods, such as antibody–
antigen docking.



Monoclonal Antibodies

114

3.3 Antibody–antigen docking

The paratope and epitope prediction methods can offer useful information 
on antibody–antigen recognition by identifying a subset of residues involved in 
antigen–antibody interface formation. However, they do not provide information 
about the specific pairwise relations between the residues on the antibody and 
the antigen. This issue can be dealt with antibody–antigen docking, a specialized 
application of the broader field of molecular docking [86].

Molecular docking tools (Table 1) allow predicting the best binding interface of 
two interacting proteins. Different docking algorithms have been developed over 
the years to predict the 3D structure of biological complexes, and they typically 
involve two steps: sampling and scoring. In the sampling step, the conformational 
space surveys for thousands of possible complex conformations (‘decoys’); in the 
scoring, the decoys are ranked using scoring functions, which sort the decoys to 
identify or predict the models that are closer to the native conformation (lowest 
energy structure). The sampling strategy applied during the simulation is used 
to classify the docking methods. The global docking algorithms do not consider 
any previous information about the binding interfaces and perform an exhaustive 
search of the interaction space. The local or integrative docking approaches, on the 
other hand, use the available experimental data or predicted information about the 
binding interface to drive the sampling during the docking [87].

There are three types of docking: rigid-body docking, partial flexible docking, 
and flexible docking [88, 89]. Most protein–protein docking algorithms perform 
rigid-body docking, which means that both binding partners are kept inflexible, as 
rigid molecules, hindering the exploration of conformational degrees of freedom 
during the binding. These methods are based on the fast Fourier transform search 
algorithm [90] and usually are applied when the structures are complementary 
[89]. Examples of used rigid-body docking software are ClusPro [35], ZDOCK [36], 
and PatchDock [37]. ClusPro is an antibody specific docking, unlike ZDOCK and 
PatchDock. In partial flexible docking, the antibody remains rigid, while the anti-
gen is flexible [89]. One of the docking tools that applied this concept is AutoDock 
[38]. AutoDockFR [39] also allows partial flexibility of the antibody. However, 
removing the conformational limitations can improve the binding site identifica-
tion, since, in most situations, protein flexibility is a crucial factor to be considered 
[91]. Therefore, flexible docking involves both interacting molecules as flexible 
structures. FLIPDock [40], Swarmdock [41], SnugDock [42], and HADDOCK 
[92–94] are examples of these approaches. SnugDock and HADDOCK allow some 
flexibility alongside chains and the backbone during a refinement stage. Snugdock 
is the first antibody specific docking to apply flexibility to the target antibody 
resulting in flexible binding interfaces, which can compensate for the errors caused 
by homology modeling [42].

The docking approaches depend on the 3D structures of the components. For 
antibodies, modeling methods can generate reasonably accurate structures [10, 95, 
96]. Since these methods cannot compete with the reliability of crystallography-
derived structures, the performances of docking methods are continuously evaluated 
by the Critical Assessment of Predicted Interactions (CAPRI) experiment [97, 98].

Although there are many successful cases in predicting the protein–protein 
complexes, docking of antibody–antigen complexes is still challenging [99–101] 
due to the inherent properties of their interfaces [102, 103]. As the improvement 
of predicting antibody–antigen interaction methods, we expect that the results of 
paratope prediction, epitope prediction, and antibody–antigen docking methods 
would offer a valuable, fast and economical alternative to obtain reliable informa-
tion about which to base rational antibody design decisions (Figure 1).
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3.4 In silico affinity maturation

Recent advances in computational prediction of the 3D structure of an anti-
body–antigen complex stimulated the development of in silico methods for rede-
signing antibodies to improve their biophysical properties, such as binding affinity. 
These computational methods can screen a large number of variants in a virtual 
library, in a short timeframe and a cost-effective manner, and select the one most 
optimized, based on a better understanding of antibody–antigen interactions and 
structural analysis through different algorithms.

The availability of crystal structures of antibody–antigen complexes is an 
essential factor in achieving computational antibody affinity maturation. However, 
when the crystal structures of the complexes are not available, as seen above, many 
modeling software can predict the 3D structure of the antibody–antigen complex 
[104]. When we use molecular docking for this purpose, it is possible to identify 
residues involved in intermolecular interactions and select candidate residues that 
can be mutated to improve antibody affinity [99, 102–105].

The prediction of binding affinities usually utilizes energy functions, such as 
physics-based force fields or knowledge-based statistical potentials derived from the 
structural database, to estimate changes in the free energy of an antibody–antigen 
complex with a focus on getting the global minimum energy conformation [106]. Some 
algorithms and methods identify the lowest energy function of two-body interactions 
through changes made in the amino acid sequence or the rotameric state of an amino 
acid [107, 108]. Computational tools, such as molecular dynamics, simulate the dynamic 
behavior of antibody structures, and provide alternative candidates that can be evalu-
ated by further experimental assessments [89, 109]. Also, some tools can identify 
hotspot residues on protein interfaces, for which mutation to alanine strongly attenuates 
binding, and calculate the values for the change in the binding energy of the protein 
complex upon mutation [110–112]. These platforms are useful to study the effect of a 
particular amino acid on the binding affinity of an antibody–antigen complex.

Computational affinity maturation usually focuses on residues in the CDRs. 
However, as we learned in previous sections of this chapter, some residues in the 
framework can also play a role in the binding affinity and maintain the canonical 
conformations of antibodies. Although some mutations in noninteracting regions 
resulted in improved binding affinity [113, 114], the strategies to modify the CDR 
to increase antibody affinity are highlighted. Some examples of in silico affinity 
maturation of antibodies performed comprehensive computational CDR mutagen-
esis targeting all residues in CDRs or CDR H3 [115–118]. There are also examples of 
monitoring all interactions between the 3D structure of an antibody and its cognate 
target to determine the most relevant CDR residues in the binding by considering 
their stabilizing energies, inter and intra molecules distance, bonds formation or 
breakage, and overall complex stability [119].

These techniques still present deviations from the experimental data; however, 
they demonstrate that in some scenarios, computational approaches alone can 
be used for affinity maturation, decreasing the timeframe and costs of antibody 
engineering.

4.  Analyses of mAbs’ properties (solubility, stability, aggregation, 
chemical degradation, glycosylation)

In vitro antibody affinity maturation frequently results in a destabilizing process, 
needing compensatory modifications for preserving the thermodynamic stability of 
mAbs [120]. Emerging in silico tools are significant resources to promote the balance 
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between affinity and stability during antibody engineering (Table 1). Before 
proceeding to available resources to deal with the destabilizing process, we should 
mention two types of stability in antibodies: physical and chemical. The physical 
stability of a protein is related to conformational changes and also to its colloidal 
stability. Concerning the conformational changes, we relate the free energy (ΔG) 
of the protein in its unfolded and folded-state, and the folded-state should present 
less energy than the unfolded state (Gfolded-state < Gunfolded-state) [121]. One of the in 
silico methods used to investigate folded and unfolded-state energies was mentioned 
earlier, e.g., molecular dynamics.

Among the numerous in silico tools for predicting conformational stability, 
DeepDDG [45] proved to be quite efficient compared to eight other methods 
(Table 1). DeepDGG is a machine learning method trained from 5444 experi-
mental data. This tool allows the calculation of the energy difference between the 
mutated protein and its native state. This calculation allows us to observe whether 
the proposed mutations, for example, for an improvement in affinity, cause struc-
ture destabilization. Experimentally, the conformational change of a protein it is 
accessed indirectly through its melting temperature (Tm), and it can be measured 
by different experimental techniques, such as scanning calorimetry (DSC), dif-
ferential scanning fluorometry (DSF), and circular dichroism (CD). The changes 
between folded and unfolded-state can be reversible, unlike the process known as 
aggregation, related to colloidal stability.

Although aggregation is different from solubility, the solubility of a molecule is 
usually calculated for aggregation prediction. In computational chemistry, aggrega-
tion and solubility are commonly treated as the same parameter. The aggregation 
tendency of some mAbs that could impair their efficacy might be prevented through 
aggregation-prone regions (APRs) analyses. APR assays rely on the hydrophobicity 
scales and residues’ charge annotations. Among several predictors of solubility and 
APRs for proteins, it is possible to highlight two endeavors successfully applied to 
antibodies: Wang et al. [122] combined tools to predict APRs in commercial mAbs. 
They found similar aggregation-prone motifs among commercial and non-commer-
cial antibodies, without correlation with 3D structures.

In 2011, Agrawal et al. [123] compared several aggregation prediction tools 
demonstrating their usefulness in drug discovery and development, especially 
when screening a large number of molecules by fast and low cost in silico assays. 
Recently, Raybould et al. [53] launched Therapeutic Antibody Profiler (TAP), 
a web application that compares candidates’ sequences with natural antibody 
sequences, as natural antibodies are assumed to display favorable biophysical 
properties. TAP, notably, depends on the previous data of clinical-stage antibody 
therapeutics (CST). So, the robustness of this method is directly affected by the 
input improvement of the CST database. One modern and elegant approach drove 
the development of AggreRATE-Disc [54], a machine learning-based tool that can 
predict, within the sequences, mutations that can promote or mitigate aggregation. 
Although in silico tools can highlight sequences with aggregation issues, they do not 
substitute experimental assays; however, they can be managed, reducing the totality 
of necessary tests. These tools and databases help the screening steps across the 
development/discovery of new therapeutic drugs.

Regarding the chemical stability of antibodies, it is possible to mention the 
degradation by chemical modification of amino acids, such as asparagine (Asn) 
deamidation, aspartate (Asp) isomerization, methionine (Met) oxidation, and 
lysine (Lys) glycation [124, 125]. The IgGs are commonly N-glycosylated at Asp297 
residue in each Fc-CH2 domain [126]. These Fc N-glycan are associated with correct 
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folding, stability, aggregation, immunogenicity, and serum half-life of the mAbs. 
The conformational changes at the CH2 antibody portion by multiple hydrophobic 
and polar non-covalent interactions harnesses the Fc binding to preferences of 
binding to C1q and FcɣRs [126]. There are no specific mAb glycosylation’s webt-
ools. Still, some web platforms (Table 1) designed to predict glycosylation sites on 
human protein sequences could also be useful for mAbs. The IgGs have a conserva-
tive N-glycan site; consequently, it needs attention in the engineering process that 
could accidentally create or remove a glycosylation site and interfering in the mAb 
chemical stability. In other instances, the glycosylation site is intentionally removed.

To evaluate any possible glycosylation spots, the NetNGlyc 1.0 [56] predicts 
N-glycosylation sites in human proteins using a trained neural network to distin-
guish between the acceptor and non-acceptor residue sequences. The N-GlyDE is 
a two-stage N-glycan prediction tool trained by the human proteome datasets. An 
algorithm generates a score between N-glycosylation proteins and non-N-linked 
glycoproteins in the first step. In the second stage, the prediction uses a support vec-
tor machine to evaluate if each asparagine-Xaa-serine/threonine (being Xaa differ-
ent to proline) sequence can be glycosylated [57]. Further, the GlycoSiteAlign [59] 
is a tool that aligns amino acid sequences regarding its glycosylation site using the 
GlyConnect databank. This tool can be useful to compare a high number of mAbs 
sequences derived from different clones or expression conditions.

In a linear amino acid sequence of an antibody, it is possible to find numerous 
regions prone to modification. However, one must note that many of these regions 
may be buried due to the molecule conformation. Therefore, a conformational 
study is essential to highlight the residues liable to the chemical change. Chemical 
stability is generally based on statistical analysis derived from experiments or 
databases available in the literature, although some computational methods are 
being used [124, 127–133]. Statistics-based methods depend on data from previ-
ous experiments and provide valuable information about the behavior of proteins, 
being excellent guides during the development of new antibodies.

Currently, there are tools to predict the most varied protein characteristics. 
Many of them are free for academic purposes (Table 1). A difficulty still faced 
during the development of an antibody lies in the complexity of details and how 
one parameter influences another. For example, modifications to improve binding 
affinity may interfere with the stability of the molecule or even generate/remove 
a glycosylation spot. In the same way, a structural change for stability can impair 
binding affinity. There has been an immeasurable evolution of in silico methods, 
allowing analyzes to be carried out more quickly and at a lower cost than traditional 
experimental methods.

5. Highlights

Advances in bioinformatics allow us to outline different strategies in the 
discovery of new therapeutic antibodies. There has been significant progress in 
online tools in recent years, and probably the refinement of the techniques will be 
increased, bringing more accurate and reliable results.

Online platforms can present a long wait and execution times. The use of those 
platforms requires a good internet connection, and also a robust computer for 
analysis and treatment of the generated data.

Bioinformatics is a notably promising field, and indeed, has a prominent place 
on the innovation frontier.
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a two-stage N-glycan prediction tool trained by the human proteome datasets. An 
algorithm generates a score between N-glycosylation proteins and non-N-linked 
glycoproteins in the first step. In the second stage, the prediction uses a support vec-
tor machine to evaluate if each asparagine-Xaa-serine/threonine (being Xaa differ-
ent to proline) sequence can be glycosylated [57]. Further, the GlycoSiteAlign [59] 
is a tool that aligns amino acid sequences regarding its glycosylation site using the 
GlyConnect databank. This tool can be useful to compare a high number of mAbs 
sequences derived from different clones or expression conditions.

In a linear amino acid sequence of an antibody, it is possible to find numerous 
regions prone to modification. However, one must note that many of these regions 
may be buried due to the molecule conformation. Therefore, a conformational 
study is essential to highlight the residues liable to the chemical change. Chemical 
stability is generally based on statistical analysis derived from experiments or 
databases available in the literature, although some computational methods are 
being used [124, 127–133]. Statistics-based methods depend on data from previ-
ous experiments and provide valuable information about the behavior of proteins, 
being excellent guides during the development of new antibodies.

Currently, there are tools to predict the most varied protein characteristics. 
Many of them are free for academic purposes (Table 1). A difficulty still faced 
during the development of an antibody lies in the complexity of details and how 
one parameter influences another. For example, modifications to improve binding 
affinity may interfere with the stability of the molecule or even generate/remove 
a glycosylation spot. In the same way, a structural change for stability can impair 
binding affinity. There has been an immeasurable evolution of in silico methods, 
allowing analyzes to be carried out more quickly and at a lower cost than traditional 
experimental methods.

5. Highlights

Advances in bioinformatics allow us to outline different strategies in the 
discovery of new therapeutic antibodies. There has been significant progress in 
online tools in recent years, and probably the refinement of the techniques will be 
increased, bringing more accurate and reliable results.

Online platforms can present a long wait and execution times. The use of those 
platforms requires a good internet connection, and also a robust computer for 
analysis and treatment of the generated data.

Bioinformatics is a notably promising field, and indeed, has a prominent place 
on the innovation frontier.
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Abstract

The idea of utilizing immunotherapy for the treatment of cancers has been 
appealing to scientists and clinicians for over a several decades. Immunotherapy for 
cancers encompasses knowledge gained from a wide range of disciplines and has 
the potential to procure the ‘magic bullet’ for the treatment of cancer. Monoclonal 
antibody-based treatment of cancer has been recognized as one of the most suc-
cessful therapeutic strategies for both hematologic malignancies and solid tumours 
in the last 20 years. The discovery of hybridoma technology in late 1975 and the 
development of chimeric, humanized, and human antibodies have increased the 
availability and utility of immunotherapy for the treatment of cancer. Metastatic 
or recurrent cancer continues to be the bane of the urological oncologist. Despite 
recent improvements in therapeutic management and outcomes for clinically 
localized disease overall survival rate in patients with the majority of metastatic and 
recurrent genitourinary malignancies remains relatively unchanged. By targeting 
tumours through specific or associated antigens, it is possible to selectively elimi-
nate tumour cells and maintain an acceptable toxicity profile. Therapeutic antibod-
ies that target immune cells are also being developed with the goal of breaking local 
tolerance and stimulating the patient’s anti-tumor immune response. As with other 
treatment modalities, immunotherapy is far from perfect and requires additional 
study to optimize clinical response and overcome therapeutic resistance. Modern 
advances in the field of immunotherapy hold the promise of providing the clinical 
urologist/oncologist with new tools to fight urological cancer. However, the litera-
ture on monoclonal antibody-based immunotherapy with a particular emphasis 
on target antigens, monoclonal antibody design and potential applications in the 
field of urology is limited. Hence, the present chapter focuses on the applications of 
Immunotherapy using monoclonal antibodies for urologic oncology settings such 
as prostate, bladder, renal, testicular and penile with a hope to highlight its clinical 
efficacy and also its mechanisms of action in each of these cancer types.
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antibody-based treatment of cancer has been recognized as one of the most suc-
cessful therapeutic strategies for both hematologic malignancies and solid tumours 
in the last 20 years. The discovery of hybridoma technology in late 1975 and the 
development of chimeric, humanized, and human antibodies have increased the 
availability and utility of immunotherapy for the treatment of cancer. Metastatic 
or recurrent cancer continues to be the bane of the urological oncologist. Despite 
recent improvements in therapeutic management and outcomes for clinically 
localized disease overall survival rate in patients with the majority of metastatic and 
recurrent genitourinary malignancies remains relatively unchanged. By targeting 
tumours through specific or associated antigens, it is possible to selectively elimi-
nate tumour cells and maintain an acceptable toxicity profile. Therapeutic antibod-
ies that target immune cells are also being developed with the goal of breaking local 
tolerance and stimulating the patient’s anti-tumor immune response. As with other 
treatment modalities, immunotherapy is far from perfect and requires additional 
study to optimize clinical response and overcome therapeutic resistance. Modern 
advances in the field of immunotherapy hold the promise of providing the clinical 
urologist/oncologist with new tools to fight urological cancer. However, the litera-
ture on monoclonal antibody-based immunotherapy with a particular emphasis 
on target antigens, monoclonal antibody design and potential applications in the 
field of urology is limited. Hence, the present chapter focuses on the applications of 
Immunotherapy using monoclonal antibodies for urologic oncology settings such 
as prostate, bladder, renal, testicular and penile with a hope to highlight its clinical 
efficacy and also its mechanisms of action in each of these cancer types.

Keywords: Monoclonal antibodies, Immunotherapy, Applications, 
Urologic-oncology



Monoclonal Antibodies

128

1. Introduction

Modern advances and a quantum leap in the field of cancer therapy has been prom-
ising to oncologists with new tools to fight many cancers. The immune system has mul-
tifunctional units referred to as antibodies, mostly polyclonal which facilitate humoral 
and cellular reactions to antigens [1]. However, it is possible to produce large quantities 
of an antibody from a single B-cell clone which are called as Monoclonal Antibodies 
(MAbs). Using these antibodies for therapeutic purposes is termed as Immunotherapy. 
Immunotherapy in recent times has been propitious across a number of cancer types. 
Stimulating results with MAbs directed towards both established and emerging targets 
indicate its potential key role as a therapeutic agent [2]. These are being tested in early- 
and late-stage clinical trials. In the last 35 years over 100 Monoclonal Antibodies have 
been considered potential as drugs and many have been approved. The usage of the 
monoclonal antibodies in cancer therapy requires the understanding of the biological 
role of various antigens involved in tumor growth [3]. In cancer patients’ immunity 
system is often altered. The purpose of immunotherapy with monoclonal antibodies 
is to interfere with synergic activity of immunosuppressive environment created by  
T cells, cytokines, interleukins and tumor growth factor [4]. In many cancer treatments, 
the monoclonal antibodies have been robust enough, however in some, combinatorial 
treatments including monoclonal antibodies, chemotherapy and vaccines have been 
successful thereby bringing together cancer immunologists and clinicians required 
for the management of cancer in the near future [5]. This chapter will focus on 
Immunotherapy using Monoclonal antibodies for many urologic oncology types such 
as prostate, renal, bladder, testicular and penile with a hope to highlight its clinical 
 utility and also its mechanisms of action in each of these cancer types.

2. Types of monoclonal antibodies and their mode of action

There are several ways by which the mAbs are made. They are as follows:

• Human: Theses are derived from the human source. Called as ‘umabs’

• Murine: These are derived from mouse. Called as ‘omabs’

• Humanized: Here the mouse proteins are attached to the human protein. 
Called as ‘zumabs’

• Chimeric: variable regions are from humans and constant regions are from 
mouse. Called as‘ximabs’

Following are the types of Monoclonal antibodies:

1. Naked monoclonal antibodies

a. These are the most common types of antibodies which are not attached to 
the radioactive material or any chemotherapy drugs. They act independently 
and have been extensively used to treat cancer. They attach themselves to 
antigens on cancer cells, or even non cancerous cells and other free-floating 
proteins. They can also act as immune checkpoint inhibitors [6]

b. E.g., alemtuzumab. This is used in the treatment of multiple sclerosis and 
leukemia (CLL).
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c. E.g., trastuzumab is a monoclonal antibody that acts against the HER2 
protein and used in the treatment of carcinoma of the breast in which this 
protein is expressed in larger amounts on the surface of the cancer cells. It 
thereby causes the inactivation of the protein by blocking it [7].

2. Conjugated monoclonal antibodies

As the name suggests these are in combination with the chemotherapy drugs 
or radioactive materials. These are referred to as tagged or labeled mAbs. 
They directly deliver the therapy to the target cells causing minimal damage 
to the normal cells surrounding them after precisely identifying them [8]. It 
then delivers the toxic substance where it is needed most. They can be of the 
following types;

a. Radiolabeled antibodies: These are conjugated with radiolabeled particles. 
An excellent example is Ibritumomab tiuxetan which works against the 
CD20 antigen found on B lymphocyte cells. It is made up of radioactive 
substance (Yttrium-90). The mAb works on the target cancer cells and then 
the radioactive materials target the destined cells and also the nearby cell. 
Radioimmunotherapy (RIT) is the name used for this type of treatment [9].

b. Chemolabeled antibodies: These mAbs have chemotherapy drugs attached 
to them. Eg: Ado-trastuzumab emtansine, an antibody that targets the HER2 
protein (breast cancer). It is covalently linked to the cytotoxic agent DM1

3. Bispecific monoclonal antibodies

These can attach to 2 different types of antigens at the same time, these have 
also been explored in cancer therapy and drug delivery. Example is blinatu-
momab, used in the treatment of acute lymphoblastic leukemia. It works by 
directing the body’s T-cells (part of the immune system) to target and bind 
with the CD19 protein on the surface of B-cell lymphoma cells [10].

3. Monoclonal antibodies and prostate cancer

Prostate cancer is one of the most common cancers with its incidence being high 
in Americans but lesser in the Asian population. It develops within the prostate 
gland that is responsible for the production of seminal fluid. Cancer therapy consid-
ered for prostate cancer includes radical prostatectomy, radiation therapy, chemo-
therapy, brachytherapy and hormone therapy [11]. The role of mAbs in Prostate 
cancer treatment has not been very successful. Several trials have been carried out 
to check for its efficacy, the details of which have been mentioned below.

Ipilimumab was the first immune checkpoint inhibitor which received FDA 
approval for the treatment of metastatic melanoma. It worked as the anti-cytotoxic 
T lymphocyte-associated protein 4 (CTLA-4). This stimulated its exploration for 
the treatment of prostate cancer. Use of this mAb in conjugation with radiation 
therapy did show antitumor activity in the form of decreasing PSA levels. This was 
a phase 1 trial. Hence, phase 3 clinical trials were conducted for further evaluation 
where subjects were randomized to ipilimumab after chemotherapy or radiation 
therapy. These trials did show progression free survival but missed its endpoint of 
overall survival [12].

Clinical trials on another mAb Nivolumab remains under investigation. In a first 
of its kind combination immunotherapy using monoclonal antibodies, Ipilimumab 
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plus nivolumab has been gaining responses as being reported in a phase 2 trial on 
metastatic castration resistant prostate cancer. Pembrolizumab is also an immune 
checkpoint inhibitor [13]. It has received approval from FDA for the treatment of 
prostate cancer. In these solid tumors, microsatellite instability (MSI) and mutations 
in mismatch repair genes (MMR) has been observed. Pembrolizumab is evaluated 
for in a patient after other effective treatments (such as sipuleucel-T, abiraterone, 
enzalutamide, docetaxel, cabazitaxel, radium-223, etc.) has been ruled out [14]. 
Combination therapies either with multiple immunotherapies or with immuno-
therapy and chemotherapy/RT, are currently being evaluated in prostate cancer. The 
optimal timing of immunotherapy in prostate cancer also remains unclear. Although 
much work remains to be done, the promise of prostate cancer immunotherapy 
remains unclear. There have been modern advances in the treatment of prostate can-
cer, however there is no curative treatment option once prostate becomes metastatic.

4. Monoclonal antibodies and renal cell carcinoma

Renal cell carcinoma is one of the urologic cancers that has lower incidence rates 
and poor prognosis. About 30% are diagnosed in their metastatic stage. It is a type of 
cancer that originates in the PCT. Therapy considered for this form of cancer include 
nephrectomy, radiation therapy, chemotherapy and embolization. The role of mAbs 
in Renal cell carcinoma is undertaken and studied in clinical trials treatment has 
not been very successful. Several trials have been carried out to check for its efficacy 
the details of which have been mentioned below as renal cell carcinoma (RCC) is a 
largely chemotherapy-resistant disease. It is immune responsive disease; therefore, 
checkpoint inhibitors can be considered as agents for the treatment of RCC [15].

The pivotal drug trial Checkmate 214 showed good objective responses in case of 
poor and intermediate risk patients in combination immunotherapy (Nivolumab/
Ipilimumab) vs. the tyrosine kinase inhibitor sunitinib and can be considered as 
a first line treatment in these subjects for RCC. However, for favorable high-risk 
patients, the single agent sunitinib showed more response rate. Survival rates were 
similar in both arms. In another clinical trial Keynote 426, Pembrolizumab (anti-
PD-1) plus axitinib, the responses were good and this led to its approval by leading 
to Food and Drug Administration (FDA) first line treatment. In another trial 
named, Javelin 101 Renal, avelumab (anti-PD-L1) plus axitinib vs. sunitinib the OS 
was not significantly different between the two arms [16].

In addition to this, there are many clinical trials that are underway for RCC 
(Table 1). Nivolumab was approved advanced clear-cell RCC by the FDA and is 
under investigation as pre- and postoperative therapy in mRCC. Combinatorial 
treatments with various drugs are also being studied in various clinical trials. 
Atezolizumab phase I trial involving 17 mRCC patients showed promising results 
as 7 had stable disease for more than 24 weeks. In another phase Ia study, of the 63 
patients with clear-cell RCC whose OS was 28.9 months. Pembrolizumab is currently 
being investigated in two randomized phase II trials of mRCC patients. It has been 
found to be acceptable for safe use [17]. Several trials evaluating pembrolizumab in 
combination with various agents are also undergoing. Avelumab showed an accept-
able usage when used in patients with advanced solid tumors and safety profile. Two 
ongoing trials are still being evaluated for avelumab in combination with axitinib 
Durvalumab. There are ongoing trials evaluating durvalumab in combination with 
other drugs, including tremelimumab for patients with advanced malignancies 
including RCC. Ipilimumab: Phase-II studies have been undergoing and the results 
are found to be partial response with adverse events being reported. In addition, 
Ipilimumab and nivolumab is being investigated and found to be favorable [18].
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5. Monoclonal antibodies and bladder cancer

Bladder cancer is one of the common cancers which develop in the tissues of the 
bladder. It is a type of Urolethial cancer. There are several methods which have been 
developed as a cancer therapy for bladder cancer and the most common being the, 
Bacillus Calmette-Guerin which has a very high success rate. The role of immuno-
therapy in Bladder cancer has been detailed in a number of case report and clinical 
trial studies [19]. The incidence of Bladder cancer is comparatively found to be 
higher in America when compared to other forms of malignancy.

Here are the various monoclonal antibodies that have been considered as a cancer 
therapy for the bladder cancer. 2016-Atezolizumab, was the first mAb to be approved 
by the FDA and also accepted by the European Association of Urology (EUA) as 
second-line therapy for patients with advanced Bladder Cancer. It is a PD-1/PD-L1 
checkpoint inhibitor It has been used for subjects even with metastatic or advanced 
bladder cancer. 2017-Avelumab was also approved by FDA for urothelial cancers. 
It acts against PD-L1. A phase Ib clinical trial had been carried out with metastatic 
urothelial cancer which showed inconvincing results. However in the phase II trial, 
avelumab exhibited a good antitumor response in patients with advanced urothelial 
cancer whose tumors progressed during or after platinum-based chemotherapy 
2017-Durvalumab has also received approval by FDA for the treatment of Bladder 
cancer. Studies in phases I and II patients have confirmed the effectiveness of dur-
valumab: It has shown responses in a number of clinical trial studies. It is a drug that 
acts against the PD-L1. 2017-Nivolumab is a FDA and EUA approved human mAb 
that acts against the PD-1. It was accepted on the basis of a single-arm phase trial for 
270 platinum pretreated patients. The result has been 20% response rate [20].

Nivolumab was also tested on advanced or metastatic Bladder cancer subjects. 
In this study many adverse events were reported. Unlike the above mentioned 

mAbs Targeted therapy Phase Population

Nivolumab Sunitinib
Pazopanib

I Advanced RCC, prior cytokine therapy 
allowed

Atezolizumab Bevacizumab Ib Untreated, advanced clear cell RCC

Nivolumab Bevacizumab Neo-
adjuvant 
pilot

Metastatic clear cell RCC, prior therapy 
allowed

Nivolumab Temsirolimus Ib/II Metastatic RCC, prior therapy allowed

Pembrolizumab Pazopanib I/II Untreated, advanced clear cell RCC

Pembrolizumab Axitinib Ib Untreated, advanced clear cell RCC

Pembrolizumab Bevacizumab Ib/II Metastatic clear cell RCC treated with 
failure of at least one prior therapy

Pembrolizumab Aflibercept I Metastatic RCC treated with at least one 
prior VEGF TKI

Avelumab Axitinib Ib Untreated, advanced clear cell RCC

Atezolizumab Bevacizumab III Untreated, advanced clear cell RCC

Avelumab Axitinib III Untreated, advanced clear cell RCC

Pembrolizumab Axitinib III Untreated, advanced clear cell RCC

RCC: Renal cell carcinoma; VEGF: Vascular Endothelial Growth Factor; TKI: Tyrosine kinase inhibitors.

Table 1. 
List of the Clinical trials that are underway for RCC.
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able usage when used in patients with advanced solid tumors and safety profile. Two 
ongoing trials are still being evaluated for avelumab in combination with axitinib 
Durvalumab. There are ongoing trials evaluating durvalumab in combination with 
other drugs, including tremelimumab for patients with advanced malignancies 
including RCC. Ipilimumab: Phase-II studies have been undergoing and the results 
are found to be partial response with adverse events being reported. In addition, 
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mAbs,PD-L1 overexpression among patients was not significant. In another phase 
II clinical trial with subjects also receiving platinum-based chemotherapy showed a 
two-month progression-free period. In patients with PD-L1 overexpression com-
pared to patients with low-expression, a difference in drug effects was observed. 
Many subjects did show adverse events [21].

Pembrolizumab has been showing positive responses in cases of advanced blad-
der cancer. It is a humanized monoclonal antibody used in the treatment of bladder 
cancer and is approved by the FDA and EAU. In a study conducted by on pembro-
lizumab by Bellmunt et al., it was observed that this mAb showed lower adverse 
events and longer survival by about 3 months which was significant when compared 
to chemotherapy drugs such as docetaxel and paclitaxel [22]. In a case report 
mentioning the treatment with pembrolizumab as reported by McDermott et al., it 
was observed that adverse events were not observed after 8 months and hence sug-
gested that pembrolizumab can be considered as a PD –I inhibitor [23]. In patients 
with DNA repair defects, pembrolizumab can also be considered for treatment. 
This drug not only reduced the risk of developing newer cancers but also prevented 
premalignant hyperplastic lesion. This shall be a rational therapy. Pembrolizumab 
is also shown better survival rates when compared to chemotherapy as mentioned 
farina and his colleagues.

A novel murine monoclonal antibody KMP1 has been studied by cheng and 
his colleagues [24]. The study was conducted both in vitro and in vivo settings It 
identified the CD44 epitope on bladder cancer cells and bound to it due to O-linked 
glycosylation and thereby exhibit antitumor potential in both settings. Future 
studies may be recommended to understand the exact glycolsylation mechanism 
also produce humanized forms and also conjugate types for better therapeutics. 
Enfortumab vedotin delivers toxic drugs to tumors. It is an antibody-drug conjugate 
that targets the Nectin-4 pathway, it has been approved for further study in case of 
bladder cancer. Immunotherapy has significantly reduced the risk of recurrence for 
bladder cancer while also increasing the percentage of patients who see a complete 
response post-surgery. Investigational bladder cancer immunotherapies also have 
the capacity change the outcomes positively for patients with this disease.

6. Monoclonal antibodies and testicular cancer

Testicular cancer is a disease of the male organ, testicles that produces the male 
hormones and sperms. Approximately 90% of testicular cancer start in the germ 
cells which make the sperm and are referred to as the Germ cell tumor (GCT). 
They are of two types: seminomas and non-seminomas. The testicular cancer 
are the solid tumors that can be treated by chemotherapy even in the metastatic 
condition. However, the role of immunotherapy is still under investigation. The 
incidence of Testicular cancer has observed an increasing trend in both America 
and Europe [25].

6.1 Testicular cancer

There are several trials that have been directed towards the Testicular cancer. 
Several of these trials are against the Immune check point inhibitors. Many 
case studies have reported immune checkpoint inhibition efficacy in refractory 
GCTs. However, the mechanism by which this occurs is not clear. Trials have been 
conducted with mAbs, nivolumab or pembrolizumab (both anti-PD-1 agents) 
on subjects with refractory GCT. The results are very inconvincing on a phase 
II trial of Adra et al. [26] who administered pembrolizumab to 10 refractory 
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GCT patients. Despite of the PD-L1 status there were no responses and hence 
this led to the termination of the trial. Although three of seven patients with 
refractory germ cell tumors treated with nivolumab or pembrolizumab did show 
response, there was partial remission. Some case reports did mention about the 
rapid progression of the disease with pembrolizumab on single dose and some 
40% response with single dose of nivolumab. In a case study reported by Chi 
and Schweizer, treatment response to nivolumab was observed hence, use of 
single checkpoint inhibitors have been unstable in nature [27]. No responses 
were observed by nadal et al. for a case report on a study conducted using 
Nibolumabwith cabozantini and bipilimumab [28]. Due to inefficacy of single 
agent durvalumab, the monotherapy arm was closed for a study conducted by 
Raggi et al. [29] Hence the results of immune checkpoint inhibitor monotherapy 
studies are disappointing and hence need more evaluation in many more clinical 
trials that shall be planned for future.

7. Monoclonal antibodies and penile cancer

Penile Cancer is a disease in which a tumor growth occurs in the tissues of the 
Penis. Although the localized penile cancer can be treated by penectomy, the meta-
static forms need better strategies to deal with such as the standard Chemotherapy 
or the novel Immunotherapy. About 95% of the penile cancers are squamous cell 
carcinomas and other forms include the sarcoma, melanomas and the basal cell 
carcinoma. Most of the penile cancer is caused by HPV (human papilloma virus) 
infection. Although the incidence of Penile cancer is only about 1 in every 1,00,000 
individuals I America and Europe, several Immunotherapy drug trials are underway 
to strategize its importance.

Epidermal growth factor receptor is usually overly expressed in Penile squamous 
cell carcinoma. EGFR amplification has been observed and thereby reported in 
a number of studies on primary penile squamous cell carcinoma. This amplifica-
tion has been observed with poor prognosis in patients with penile squamous cell 
carcinoma and increased risk of recurrence. Considering this aspect, it has been 
chosen for treatment of systemic penile cancer. Immunotherapy towards EGFR tar-
get, includes monoclonal antibodies cetuximab and panitumumab [28]. In a study 
considering cetuximab either alone or with cisplatin, there was partial response. In 
another study considering cetuximab, panitumumab, and nimotuzumab about 50% 
of the patients showed response to treatment. However, this was a second line of 
treatment.

In addition to anti-EGFR therapy, immune checkpoint inhibitor drug trials 
of avelumab and pembrolizumab are under progress. These drugs are evaluating 
the role of PD- L1 and PD-1 inhibition with the above mentioned mAbs respec-
tively, exclusively in penile carcinoma. The combination of PD-1 and cytotoxic 
T lymphocyte protein 4 (CTLA4) blockade might improve antitumour activity 
across multiple malignancies, including PSCC. However, the majority of the 
trials with patients suffering from penile carcinoma are basket trials that include 
because incidence of penile squamous cell carcinoma is very low [30]. In addition, 
Cetuximab, a chimeric monoclonal antibody is an epidermal growth factor recep-
tor (EGFR) inhibitor and has still not received FDA approval for the treatment of 
penile cancer. Phase I trials of Nivolumab are also underway which is a conjunc-
tion of chemotherapy and lymphokine working against the HPV. As the frequency 
of this disease is very low, it has been difficult to conduct many trials. However, 
continual progress in the area of Immunotherapy with fewer trials has still been 
gaining approvals and success.
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8. Conclusion

Immune status modification as strategy of cancer therapy does hold a significant 
place. Although, the conventional cancer treatments such as surgery, chemotherapy, 
and radiotherapy are still being referred to as the prominent ones, for some cancer 
types, immunotherapies are considered as first-line of treatment. One of the most 
important discoveries in the last several years in immunotherapy has been the develop-
ment of immune checkpoint inhibitor, monoclonal antibodies that promote antitumor 
activity. T cells are a form of lymphocyte which are produced within the thymus 
and performs a crucial function in stimulating body’s immune reaction to combat 
most cancers. They apprehend the overseas particles (antigens) with the aid of using 
particularly variable T cell receptor. Unlike antibody, the TCR cannot bind antigen 
and as a substitute it wishes to have peptides of the antigen proven to it with the aid of 
using an antigen presenting cell (APC). The molecules at the APC that gift the antigen 
are called as major histocompatibility complexes (MHC). Many stimulatory alerts 
also are wanted at this time. B7 is a form of peripheral membrane protein observed 
on activated antigen-providing cells (APC). This B7 on an APC can bind to cytotoxic 
T-lymphocyte-related antigen 4 (CTLA-4) developing an inhibitory sign and TCR 
activation. Once the activated T-cell receptor is within the tumor surroundings it is able 
to apprehend the antigen supplied with the aid of APC within the tumor. At this time, 
the programmed cell death protein 1 (PD-1) receptor also sends an inhibitory signal to 
the T-cell when the receptor binds to programmed cell death 1 ligand 1 (PD-L1), that’s 
regularly expressed on tumor cells. Monoclonal antibodies act by inhibiting the bind-
ing PD-1 to PD-L1 and thereby boost body’s immune response against the tumor cells.

Checkpoint inhibitors specifically goal PD-1/PD-L1) and CTLA4 Immune 
checkpoint efficacy is stricken by diverse factors, among which are tumor genom-
ics, host germline genetics, PD-L1 levels, and intestine microbiome. Generally, in 
tumors, mutated or incorrectly expressed proteins are processed through the immu-
noproteasome into peptides which can be commonly loaded onto MHC molecules, 
which similarly now no longer usually are capable of eliciting CD8+ T cell reaction. 
This may also cause producing MHC-supplied immunogenic neoepitopes. It turned 
into proven, that after the intratumor heterogeneity rises, neoantigen-expressing 
clones emerge as greater homogenous with the differential expression of PD-L1.

There are number of FDA approved monoclonal antibodies, that are considered 
for the treatment of Urology oncology. These have been detailed in the Table 1 
and include FDA-approved PD-1 inhibitors such as nivolumab, pembrolizumab, 
cemiplimab, and FDA-approved PD-L1 such as atezolizumab, avelumab, and 
durvalumab. But all the open literatures do believe that combinatorial strategies 
with immune checkpoint therapies may provide a better survival benefit which 
have been demonstrated in various clinical trials. These can be in combination 
with radiation therapy, tyrosine kinase inhibitors and also many chemotherapeutic 
drugs. However, the response to immunotherapy with monoclonal antibodies varies 
subjectively and hence research into PD-L1 expression, gene signature expression, 
messenger RNA subtype, mutational and neoantigen load is essential to determine 
the varying response to monoclonal antibody immunotherapy. Although older 
modalities of treatment for cancer, has been extensively exploited, array of new 
drugs that offer hope of not only prolonging life but also curing significantly more 
patients in the future bring a ray of hope to the scientific world.
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which similarly now no longer usually are capable of eliciting CD8+ T cell reaction. 
This may also cause producing MHC-supplied immunogenic neoepitopes. It turned 
into proven, that after the intratumor heterogeneity rises, neoantigen-expressing 
clones emerge as greater homogenous with the differential expression of PD-L1.

There are number of FDA approved monoclonal antibodies, that are considered 
for the treatment of Urology oncology. These have been detailed in the Table 1 
and include FDA-approved PD-1 inhibitors such as nivolumab, pembrolizumab, 
cemiplimab, and FDA-approved PD-L1 such as atezolizumab, avelumab, and 
durvalumab. But all the open literatures do believe that combinatorial strategies 
with immune checkpoint therapies may provide a better survival benefit which 
have been demonstrated in various clinical trials. These can be in combination 
with radiation therapy, tyrosine kinase inhibitors and also many chemotherapeutic 
drugs. However, the response to immunotherapy with monoclonal antibodies varies 
subjectively and hence research into PD-L1 expression, gene signature expression, 
messenger RNA subtype, mutational and neoantigen load is essential to determine 
the varying response to monoclonal antibody immunotherapy. Although older 
modalities of treatment for cancer, has been extensively exploited, array of new 
drugs that offer hope of not only prolonging life but also curing significantly more 
patients in the future bring a ray of hope to the scientific world.
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Chapter 7

Emerging Monoclonal Antibodies 
for the Treatment of Multiple 
Myeloma
Hanley N. Abramson

Abstract

Therapeutic measures designed to treat multiple myeloma (MM) have undergone 
a fundamental shift over the past two decades as a number of small molecules that 
attack this cancer by different mechanisms, including proteasome blockade, immu-
nomodulation, and histone deacetylase (HDAC) inhibition, have been introduced. 
The insertion of monoclonal antibodies (mAbs) into the mix began in 2015 with the 
U.S. Food and Drug Administration (FDA) approval of daratumumab and elotu-
zumab, which target CD38 and SLAMF7, respectively. In 2020, they were joined by 
another anti-CD38 mAb, isatuximab, and the bispecific antibody-drug conjugate 
(ADC) belantamab mafodotin, which targets the B-cell maturation antigen (BCMA). 
This review focuses on additional mAbs currently under clinical study for MM. These 
include several BCMAxCD3-directed bispecifics (AMG 420, AMG 701, REGN5458, 
REGN5459, teclistamab, and TNB-383B), the ADCs indatuximab ravtansine and 
STRO-001, and checkpoint inhibitors, although the future status of the latter is in a 
state of flux due to toxicity issues that arose in trials in which these drugs, especially 
PD-1 or PD-L1 blockers, were combined with immunomodulators.

Keywords: CD38, B-cell maturation antigen, daratumumab, elotuzumab, 
isatuximab, belantamab mafodotin, indatuximab ravtansine, STRO-001

1. Introduction

Multiple myeloma (MM), a malignancy of plasma cells, ranks second among 
all blood cancers in the U.S., representing about 1% of all diagnosed malignancies. 
In 2020, an estimated 32,270 individuals (54.3% male), the majority over age 65, 
will be diagnosed with the disease and approximately 12,830 will succumb to it 
[1]. Classical symptoms of active MM include hypercalcemia, renal insufficiency, 
anemia, and bone lesions (CRAB) and often are preceded by an asymptomatic stage 
referred to as monoclonal gammopathy of undetermined significance (MGUS). The 
risk of progression from MGUS to MM is about 1% per year [2] and may include 
another asymptomatic state known as smoldering myeloma [3]. Current guide-
lines for the diagnosis and treatment of MM have been published by the National 
Comprehensive Cancer Network (NCCN) [4]. Treatment modalities for MM 
have seen enormous advances since the beginning of the current century with the 
introduction of drugs working by different mechanisms, e.g., proteasome inhibition 
(bortezomib, carfilzomib, and ixazomib) and immunomodulation (lenalidomide 
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and pomalidomide), which were added to the long-established treatments based on 
alkylating agents (melphalan and cyclophosphamide) and corticosteroids (dexa-
methasone). These measures, together with autologous stem cell transplantation 
(ASCT), first introduced for MM in the 1990’s, have increased the five-year survival 
rate for the disease from 24% in the mid-1970s to 55% in the 2010–2016 period [5]. 
Furthermore, the relatively recent arrival on the scene of monoclonal antibodies 
(mAbs), beginning with the U.S. Food and Drug Administration (FDA) approval 
of daratumumab in 2015, has greatly expanded the therapeutic options available 
to treat MM. However, in spite of these advances, MM remains incurable as patient 
relapse and refractoriness to treatment continue as major issues. This review focuses 
on the contributions made by those mAbs currently approved for MM, as well as on 
those under investigation as potential future therapies for this disease.

2. mAbs targeting CD38

CD38 is a multifunctional 45 kDa type II transmembrane glycoprotein, lacking 
an internal signaling domain, that is expressed at high levels on both malignant and 
normal plasma cells and has attracted much interest as a target for drug develop-
ment in MM [6]. It also is found normally, but at lower levels, on the surfaces of 
T and B lymphocytes, natural killer (NK) cells, and monocytes. Among its several 
roles, CD38 acts as a receptor for CD31 (platelet endothelial cell adhesion molecule; 
PECAM-1) [7] and as a cyclic ADP ribose hydrolase, an ectoenzyme whose reaction 
products play an essential role in regulation of intracellular calcium levels [8].

Antibodies directed against CD38 kill myeloma cells by a number of possible 
mechanisms, chief among them being antibody-dependent cellular cytotoxicity 
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC). Intracellular signal cascade disruption, the result of 
crosslinks formed between myeloma cell CD38 and Fcγ receptors on effector cells, 
may also play an important role in initiating apoptotic events in myeloma cells [9]. 
In addition, anti-CD38 antibodies have been shown to exhibit immunomodula-
tory effects that cause blockage of regulatory T- and B-cells and myeloid-derived 
suppressor cells [10].

Daratumumab (Darzalex®), a fully human IgG1κ mAb targeting CD38, 
initially was approved for the management of MM in patients who had relapsed 
following at least three prior therapies including an immunomodulator and a 
proteasome inhibitor [11]. Approval was supported by the results of two phase III 
trials - POLLUX (NCT02076009) and CASTOR (NCT02136134) - in which dara-
tumumab/dexamethasone was combined respectively with either lenalidomide 
[12] or bortezomib [13]. Further encouraging data from phase III trials, demon-
strating deeper and more sustained responses combined with good tolerability, 
soon enabled daratumumab/corticosteroid combinations with immunomodulators 
or proteasome inhibitors to assume an important role in even earlier courses of 
treatment [14, 15], as well as in newly diagnosed patients, whether ASCT-eligible 
[16] or -ineligible [17, 18]. Several network meta-analytic studies of random 
controlled trials covering a number of different settings, including in patients 
with newly diagnosed disease, have demonstrated the benefits of daratumumab-
containing regimens in MM therapy with respect to efficacy and safety [19]. 
Furthermore, several reports have indicated the efficacy of daratumumab mono-
therapy in patients who have failed earlier lines of anti-myeloma therapy [20], as 
well as in patients with smoldering MM [21]. Also, the FDA recently has approved 
a subcutaneous formulation of daratumumab plus hyaluronidase, which enables 
shorter infusion times without compromising safety or efficacy [22].
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Isatuximab (Sarclisa®, SAR650984) is a chimeric mouse-human IgG1κ CD38-
targeting mAb that was approved by the FDA in March 2020 for the treatment of 
relapsing and/or refractory MM (RRMM) in combination with pomalidomide and 
dexamethasone in patients who have received at least two prior therapies, including 
lenalidomide and a proteasome inhibitor [23]. Approval was predicated primarily 
on the results of the phase III ICARIA-MM trial (NCT02990338) in which addition 
of isatuximab to a pomalidomide/dexamethasone regimen resulted in a five month 
increase in median progression free survival (PFS), from 6.5 to 11.5 months [24]. 
Upper respiratory infections and diarrhea were the most frequently encountered 
adverse events noted in both groups. Although infusion reactions (mostly, grades 
1 and 2) were reported in 38% of patients in the isatuximab cohort, this reaction 
was not noted in any patients in the pomalidomide/dexamethasone group. An 
additional five phase III trials that include isatuximab/dexamethasone currently are 
in progress for: newly diagnosed MM (NDMM) (NCT03617731 and NCT03319667 
IMROZ - lenalidomide/bortezomib; NCT04483739 - lenalidomide/carfilzomib); 
RRMM (NCT03275285 IKEMA - carfilzomib); and high-risk smoldering MM 
(NCT04270409 - lenalidomide).

The mechanism of action of isatuximab exhibits some significant differences 
from that of daratumumab. For example, the former appears to work principally 
through ADCC with only minor contributions from CDC [25]. Also, unlike dara-
tumumab, crosslinking induced by isatuximab is not a prerequisite for initiation of 
target cell apoptosis [26]. Moreover, isatuximab is a much more potent inhibitor of 
ectoenzyme activity although the significance of this is unknown [27].

MOR202 (MOR03087, TJ202) is a fully humanized IgG1λ mAb that exhibited 
an objective response rate (ORR) of 29% in a phase II trial with dexamethasone in 
patients who had previously received four lines of therapy [28]. In addition, this 
drug has shown some promising efficacy when combined with immunomodulators 
[29, 30]. MOR202 also appears to offer the advantage of requiring reduced infu-
sion times and is associated with reduced infusion-related reactions compared to 
daratumumab or isatuximab, possibly due to its lack of dependency on CDC as 
a function of its activity. However, the drug’s sponsor, MorphoSys AG, recently 
decided to discontinue further development of MOR202 for MM. Two additional 
anti-CD38 mAbs from Takeda Oncology currently are in the early stages of clinical 
development for RRMM: TAK-573, an IgG4 antibody conjugated to an attenuated 
form of interferon α [31], and TAK-079, a fully humanized IgG1λ mAb [32].

3. mAbs targeting SLAMF7

A group of surface proteins belonging to the signaling lymphocytic activation 
molecule family (SLAMF) has elicited considerable interest in recent years due to the 
high expression of four family members (SLAMF2, 3, 6, and 7) on both normal plasma 
cells and those from MM patients at all stages of disease. No trials of SLAMF2-
targeting mAbs have been initiated and clinical studies of the SLAMF3 and SLAMF6 
mAbs SGN-CD48A and azintuxizumab vedotin (ABBV-838), respectively, both 
were halted early in phase I trials. On the other hand, SLAMF7 (CS1 or CD319) has 
emerged as the principal focus for new anti-myeloma mAb development in this 
group of targets with the introduction of elotuzumab (Empliciti®), a humanized 
IgG1κ mAb [33]. Preclinical studies revealed that the anti-myeloma activity of 
elotuzumab is the result of ADCC involving direct activation and engagement of 
NK cells [34]. FDA approval in 2015 of elotuzumab, which lacks activity as a single 
agent, was the result of the ELOQUENT-2 trial (NCT01239797) involving 646 
randomly assigned RRMM patients who received the mAb plus dexamethasone 



Monoclonal Antibodies

140

and pomalidomide), which were added to the long-established treatments based on 
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soon enabled daratumumab/corticosteroid combinations with immunomodulators 
or proteasome inhibitors to assume an important role in even earlier courses of 
treatment [14, 15], as well as in newly diagnosed patients, whether ASCT-eligible 
[16] or -ineligible [17, 18]. Several network meta-analytic studies of random 
controlled trials covering a number of different settings, including in patients 
with newly diagnosed disease, have demonstrated the benefits of daratumumab-
containing regimens in MM therapy with respect to efficacy and safety [19]. 
Furthermore, several reports have indicated the efficacy of daratumumab mono-
therapy in patients who have failed earlier lines of anti-myeloma therapy [20], as 
well as in patients with smoldering MM [21]. Also, the FDA recently has approved 
a subcutaneous formulation of daratumumab plus hyaluronidase, which enables 
shorter infusion times without compromising safety or efficacy [22].
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with or without lenalidomide. The cohort receiving elotuzumab exhibited a PFS 
of 19.4 months and an ORR of 68% at one year and 41% at two years, compared 
to 14.9 months and 57% and 27% for the control [35]. These results were con-
firmed further by a subsequent four-year follow-up study [36]. Similar benefits 
of elotuzumab in RRMM were observed in combination with pomalidomide-
dexamethasone in the ELOQUENT-3 trial (NCT02654132) [37], which included 
patients refractory to both lenalidomide and a proteasome inhibitor and resulted 
in the 2018 FDA approval of this combination [38]. Favorable data also have been 
generated in a trial (NCT01478048) in which bortezomib-dexamethasone was 
included with elotuzumab [39].

4. BCMA-targeting antibody-drug complexes

The cytokines BAFF (B-cell activating factor) and APRIL (a proliferation-
inducing ligand) have received much attention in recent years for their roles in the 
pathophysiology of autoimmune diseases [40]. In addition, there is evidence that 
these two homologous members of the tumor necrosis factor (TNF) superfamily 
play roles in myeloma cell viability and proliferation [41]. Two other TNF family 
members - transmembrane activator and calcium modulator and cyclophilin ligand 
interactor (TACI) and B-cell maturation antigen (BCMA), located on the surface of 
myeloma cells, serve as ligands for both BAFF and APRIL [42]. While the respective 
BAFF and APRIL inhibitors, atacicept and tabalumab (LY2127399), as well as the 
anti-APRIL mAb BION-1301, showed poor efficacy in MM trials [43–45], BCMA 
has surfaced as a compelling target in anti-myeloma drug research [46].

BCMA normally plays a key role in B-cell differentiation into plasma cells 
[47]. Myeloma cells, whether from cell lines or patient samples, exhibit not only 
consistent and virtually exclusive elevation of BCMA levels and its mRNA during 
malignant transformation but also at similar levels during the various stages of 
MM from previously untreated to relapse [48]. A soluble form of BCMA (sBCMA), 
which results from the shedding of BCMA from the plasma cell surface by the 
action of γ-secretase, is an important factor that, by lowering the density of the 
target antigen while also providing a soluble decoy, potentially limits the efficacy of 
BCMA blockers in clinical development, accounting for the inclusion of γ-secretase 
inhibitors in a number of BCMA-targeted trials [49].

Removal of several of the fucosyl groups normally found in the N-linked 
biantennary complex oligosaccharides in the Fc region of IgG antibodies is a well-
established approach for enhancing ADCC through binding of FcγIIIa receptors 
on NK cells [50]. One such anti-BCMA mAb is the afucosylated antibody-drug 
conjugate (ADC) belantamab mafodotin (Blenrep®, GSK2857916), in which 
the antibody is coupled to the microtubule inhibitor monomethylauristatin F 
(MMAF) through a protease-resistant maleimidocaproyl linker. While the anti-
body component disrupts BAFF/APRIL myeloma cell signaling by binding to the 
BCMA receptor to induce ADCC, the MMAF component causes cell cycle arrest 
at the G2/M interface [51]. Belantamab mafodotin continues to be the subject 
of the DREAMM series of trials in RRMM patients. An early exploratory study 
(NCT02064387, DREAMM-1) found an ORR of 60% in 35 heavily pre-treated 
RRMM patients when the immunoconjugate was used as a single agent [52]. This 
encouraging response level dropped to 31% (30/97) in RRMM patients refrac-
tory to proteasome inhibitors, immunomodulators, and/or anti-CD38 therapy, 
who received the drug as monotherapy at 2.5 mg./Kg. in the ensuing phase II 
DREAMM-2 trial (NCT03525678) [53]. However, the efficacy level was considered 
comparable to that observed with other therapies for RRMM patients with similar 
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numbers of prior therapies. Analysis of adverse event data in the DREAMM-2 
trial concluded that belantamab mafodotin exhibits an acceptable safety profile 
with ocular toxicity, primarily in the form of keratopathy as the most commonly 
reported adverse event and attributable to the microtubule-inhibitor payload [54], 
presenting the greatest concern. Based on these data, in August, 2020, belan-
tamab mafodotin was approved by the FDA, under the provisions of accelerated 
review, as monotherapy for RRMM patients who have received at least four prior 
treatments that included an immunomodulator, a proteasome inhibitor, and an 
anti-CD38 monoclonal antibody [55]. In addition to these two milestone studies, a 
phase II trial (NCT04126200; DREAMM-5) has been initiated that includes belan-
tamab mafodotin monotherapy with two T-cell costimulatory agonist mAbs – the 
OX40-targeting GSK3174998 and the inducible co-stimulator (ICOS) GSK3359609, 
along with nirogacestat (PF-03084014), a γ-secretase inhibitor [56]. The ADC plus 
low-dose dexamethasone also is incorporated into four phase III investigations that 
include standard therapies such as: pomalidomide (NCT04162210; DREAMM-3, 
RRMM); bortezomib and daratumumab (NCT04246047; DREAMM-7, RRMM); 
pomalidomide and bortezomib (NCT04484623; DREAMM-8, RRMM); and 
lenalidomide and bortezomib (NCT04091126; DREAMM-9, NDMM) [57].

Another BCMA-targeted ADC that has elicited much interest for its anti-
myeloma action is MEDI2228, which is comprised of a fully human mAb attached 
to a minor-groove binding pyrrolobenzodiazepine (tesirine) payload via a 
protease-cleavable valine-alanine linker [58]. Release of the warhead following 
internalization of the immunoconjugate and trafficking to the lysosome results 
in DNA damage and subsequent apoptosis. Preclinical studies in mice revealed 
this agent’s potent anti-myeloma activity even when clinically significant levels of 
sBCMA were present [59]. Currently, MEDI2228 is the subject of a phase I clinical 
trial (NCT03489525) to determine appropriate dosing as monotherapy in RRMM 
patients; however, no results have been reported as yet. Another anti-BCMA ADC 
that has entered clinical studies for MM is AMG 224 (NCT02561962), comprised of 
a maytansine analog connected to a non-cleavable 4-(N-maleimidomethyl) cyclo-
hexane-1-carboxylate linker [60]. CC-99712 is yet another BCMA-targeted ADC 
(undisclosed composition) that recently entered a clinical trial (NCT04036461) for 
RRMM. Other anti-BCMA ADC mAbs that have demonstrated promise in preclini-
cal work but for which human studies have not yet begun include two proprietary 
products, referred to as BCMA-077 and BCMA-024 [61], and HDP-101, in which 
the conjugate is the potent RNA polymerase II subunit A (POLR2A) inhibitor 
α-amanitin [62].

5. T-cell-engaging bispecific antibodies

The T-cell-engaging bispecific antibody (T-BsAb) concept, originally developed 
by Nisonoff in 1961 [63], is based on the design of a dual-targeting antibody whereby 
one arm initially binds to the T-cell CD3 co-receptor complex while the other arm is 
subsequently directed to a tumor-associated antigen. The immunological synapse 
created between the two cells causes release of two cytolytic-initiating proteins: 
perforin, which causes formation of transmembrane pores in the malignant cell and 
granzyme B, which traverses the pores thus produced to initiate tumor cell apoptosis. 
The T-BsAb strategy differs from normal T-cell mediated cytotoxicity by removing 
requirements for costimulatory signals, formation of an antigen-major histocom-
patibility complex (MHC), and for ex vivo T-cell manipulation, thus permitting 
the possibility of “off-the-shelf” product manufacture. Furthermore, persistent 
T-cell activation enables polyclonal expansion of T memory cells. In addition, the 
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therapeutically relevant properties of constructs may be fine-tuned to optimization 
by altering biodistribution characteristics and the relative binding affinities of each 
arm for their respective targets [64].

Amgen’s proprietary BiTE® platform represents an innovative subclass of 
T-BsAb in which tandem single-chain variable fragments (scFvs) provide the cross-
link [65]. The first successful application of BiTE® technology was the CD3-CD19 
cross-linking construct blinatumomab (Blincyto®), which was approved by the 
FDA in 2014 for Philadelphia chromosome-negative B-cell precursor acute lympho-
cytic leukemia (B-cell ALL). Although a single trial (NCT03173430) of blinatu-
momab in RRMM patients had to be terminated because of “slow patient accrual”, 
the majority of myeloma-related work using BiTE® constructs have been based on 
recombinant antibodies designed to cross-link surface tumor-specific T-cell CD3ζ 
chains and targeted myeloma cell BCMA.

Initial results with the BCMAxCD3 BiTE® product AMG 420 (BI-836909), 
which was accorded fast-track status by the FDA in 2018, showed an ORR of 31% in 
42 RRMM patients, including seven of ten patients refractory to at least two lines 
of therapy who received the maximum tolerated dose of 400 μg/day. Infections and 
polyneuropathy were the most serious adverse events noted in this trial. Cytokine 
release syndrome (CRS; cytokine storm), predominantly grade 1, was observed in 
38% of patients in the study [66, 67]. Monotherapy with AMG 701, a related BiTE® 
construct with a longer serum half-life than AMG 420, currently is the focus of a 
phase I trial (NCT03287908) for RRMM. Data generated in a preclinical investiga-
tion suggests that future consideration of a trial of AMG 701 in combination with 
an immunomodulator may be warranted [68]. In addition, two other BCMAxCD3 
bispecific antibodies from Regeneron, REGN5458 (NCT03761108) and REGN5459 
(NCT04083534), are in phase I RRMM studies. Preliminary data on the first three 
patients treated with the former agent have been reported [69].

Following favorable safety results in a monkey model [70], two phase I RRMM 
clinical trials of the BCMAxCD3 bispecific teclistamab (JNJ-64007957) have been 
initiated. In addition to a dose-escalation study (NCT03145181), this agent has 
been incorporated into a trial (NCT04108195) that includes subcutaneous daratu-
mumab and talquetamab (JNJ-64407564), a CD3xGPRC5D bispecific construct. 
Another BCMAxCD3 formatted product under scrutiny for RRMM is PF-06863135 
(PF-3135) (NCT03269136), the result of hinge-mutation engineering of an IgG2a 
backbone [71]. CC-93269, a T-cell engager whose arms bind in a 2 + 1 arrangement, 
monovalently to CD3ε and bivalently to BCMA, is another member of this class in a 
myeloma-based trial (NCT03486067) [72].

TNB-383B, a BCMAxCD3 T-BsAb resulting from collaboration between Tenebio 
and Abbvie and designated as an orphan drug by the FDA, differs from other drugs 
in this class in that its structure consists of a single immunoglobulin light chain 
and two variable heavy chains. The product, which recently began a phase I trial 
for RRMM (NCT03933735), is noteworthy for its strong T-cell activation kinet-
ics and low affinity anti-CD3 arm, which results in reduced release of cytokines 
while retaining high cytotoxicity toward myeloma cells [73]. A number of other 
bispecific antibodies have exhibited promise for RRMM in preclinical work. These 
include TNB-381 M [74], FPA-151 [74], EM801 [48], and AP163 [75]. HPN217, 
developed by Harpoon Therapeutics, is a tri-specific antibody possessing three 
binding domains in a single chain – a C-terminal single-chain CD3ε T-cell receptor-
(TCR)-binding component, a human serum albumin-binding central domain, and 
an N-terminal BCMA-binding portion. This product, which is in a phase I/II trial 
for RRMM (NCT04184050), has an extended half-life compared to bispecific for-
mats, a property ascribed to its smaller size and flexibility [76]. Moreover, bispe-
cifics based on myeloma surface antigens other than BCMA have been developed 
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as alternative CD3 epitope binding partners. In addition to the aforementioned 
talquetamab (NCT03399799) [77], these include the CD3xCD38 construct found 
in GBR 1342 (NCT03309111) [78] and the CD3xFcRH5 design incorporated into 
BFCR4350A (NCT03275103) [79].

In addition to the BCMAxCD3 bispecific formats noted above, creation of 
BCMA-targeted constructs directed to receptors on NK cells has been described. 
Like cytotoxic T-cells, NK cells are known to mediate cytotoxicity through a variety 
of mechanisms, including granzyme-perforin release and through expression of 
various apoptosis-inducing ligands [80]. A tri-specific product that binds both 
BCMA and CD200 on myeloma cells to CD16A on NK cells represents one such drug 
[81]. Similarly, CTX-4419, which binds BCMA to both NK cell CD16A and p30, 
has shown initial promise in preclinical models although CD16A binding does not 
appear to be a requirement for the anti-myeloma activity of this product [82]. Other 
BCMA-NK cell-engaging antibodies, such as CTX-8573 [83] and AFM26 [84], also 
have shown some potential as RRMM therapies.

6. Immune checkpoint inhibitors

Over the past decade, immune checkpoint blockade has emerged as a principal 
strategy for new antitumor drug development. This immunotherapeutic approach 
is based on identification of biomarkers and their cognate ligands that enable the 
body’s immune system to overcome the capacity of tumor cells to evade immune 
surveillance and elimination, as well as on the design of mAbs to block these 
interactions. In its most successful application to date, discoveries made concerning 
the roles played in this process by cytotoxic T-lymphocyte–associated protein-4 
(CTLA-4), the first member of this class to serve as a clinical target, and the 
programmed death (PD) receptor, have given momentum to this innovative line of 
attack on a variety of tumor types [85].

Costimulatory signals resulting from interaction of CD28 on the surface of 
T-cells with its CD80 (B7–1) ligand on antigen-presenting cells play an important 
role in activating T-cells. CTLA-4, expressed on the T-cell plasma membrane, 
competes with CD80-CD28 binding to downregulate T-cell activation and thus 
represents an important mechanism that suppresses immune responses and, as 
a consequence, enables tumor cells to evade detection. CTLA-4-directed mAbs, 
by competing with the CD80-CD28 interaction, enhance the ability of T-cells to 
generate an antitumor response. This strategic approach was successfully applied to 
the immunotherapy of advanced melanoma by the anti-CTLA-4 mAb ipilimumab, 
which was approved by the FDA in 2011 and has been extended since to include a 
number of other solid tumors [86]. However, the drug has shown less than impres-
sive results in hematologic cancers, such as acute myeloid leukemia [87]. One trial 
(NCT02681302) of ipilimumab combined with nivolumab that included both 
lymphoma and MM patients is currently active but so far only preliminary efficacy 
and toxicity data have been reported [88].

Binding of PD-1, expressed on the surface of T-cells, to PD-L1 or PD-L2 on 
tumor cells inhibits cytotoxic T lymphocyte proliferation and cytokine secretion 
while also causing an increase in the T regulatory cell population. These combined 
effects produce immune tolerance, enabling unrestrained tumor cell growth and 
survival [89]. Since 2014, the FDA has approved three PD-1 inhibitors – pem-
brolizumab (Keytruda®), nivolumab (Opdivo®), and cemiplimab (Libtayo®) 
and three PD-L1 blockers – avelumab (Bavencio®), durvalumab (Imfinzi®), and 
atezolizumab (Tecentriq®). Pembrolizumab, the first to be approved and the 
most versatile member of the checkpoint blocker group, has been approved for 
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a consequence, enables tumor cells to evade detection. CTLA-4-directed mAbs, 
by competing with the CD80-CD28 interaction, enhance the ability of T-cells to 
generate an antitumor response. This strategic approach was successfully applied to 
the immunotherapy of advanced melanoma by the anti-CTLA-4 mAb ipilimumab, 
which was approved by the FDA in 2011 and has been extended since to include a 
number of other solid tumors [86]. However, the drug has shown less than impres-
sive results in hematologic cancers, such as acute myeloid leukemia [87]. One trial 
(NCT02681302) of ipilimumab combined with nivolumab that included both 
lymphoma and MM patients is currently active but so far only preliminary efficacy 
and toxicity data have been reported [88].

Binding of PD-1, expressed on the surface of T-cells, to PD-L1 or PD-L2 on 
tumor cells inhibits cytotoxic T lymphocyte proliferation and cytokine secretion 
while also causing an increase in the T regulatory cell population. These combined 
effects produce immune tolerance, enabling unrestrained tumor cell growth and 
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most versatile member of the checkpoint blocker group, has been approved for 
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17 different indications, many as front-line therapy for solid tumors ranging from 
melanoma to small-cell lung cancer to metastatic Merkel cell carcinoma [90]. 
In 2017, the FDA in an unprecedented move approved pembrolizumab for the 
treatment of solid tumors having a microsatellite instability (mismatched repair 

Trial ID [reference] N Trial title

PD-1 Inhibitors

NCT03848845 [102] 40 A phase I/II single arm open-label study to explore safety and 
clinical activity of GSK2857916 administered in combination with 
pembrolizumab in subjects with relapsed/refractory multiple 
myeloma (DREAMM 4)

NCT03506360 41 Phase II trial of pembrolizumab, ixazomib, and dexamethasone 
for relapsed multiple myeloma

NCT04361851 33 Phase II study of daratumumab-pembrolizumab for multiple 
myeloma patients with ≥ three prior lines of therapy

NCT03168438 [103] 20 NY-ESO-1ᶜ259T alone and in combination with pembrolizumab for 
multiple myeloma

NCT03782064 25 A phase II trial of vaccination with dendritic cell (DC)/myeloma 
fusions in combination with nivolumab in patients with relapsed 
multiple myeloma

NCT03292263 [104] 30 Autologous stem cell transplantation with nivolumab in patients 
with multiple myeloma

NCT04119336 50 A phase II study of nivolumab in combination with ixazomib, 
cyclophosphamide, and dexamethasone in relapsed and refractory 
multiple myeloma

NCT03194867 109 A phase I/II study to evaluate safety, pharmacokinetics and 
efficacy of isatuximab in combination with cemiplimab in patients 
with relapsed/refractory multiple myeloma

NCT03111992 26 Phase I/Ib, multi-center, open-label, study of single agent CJM112 
(anti-IL17A mAb), and spartalizumab (PDR001) in combination 
with LCL161 (SMAC mimetic) or CJM112 in patients with 
relapsed and/or refractory multiple myeloma

PD-L1 Inhibitors

NCT02431208  
[105, 106] Trial Start: 
7/22/15

300 A phase Ib study of the safety and pharmacokinetics 
of atezolizumab alone or in combination with an 
immunomodulatory drug and/or daratumumab in patients with 
multiple myeloma (relapsed/ refractory and post-autologous stem 
cell transplantation)

NCT03910439 30 A phase II pilot study of avelumab in combination with 
hypofractionated radiotherapy in patients with relapsed refractory 
multiple myeloma

CD47 Inhibitors

NCT03530683 156 A phase Ia/Ib dose escalation and expansion trial of TTI-622 
in patients with advanced relapsed or refractory lymphoma or 
myeloma

LAG-3 and TIGIT Inhibitors

NCT04150965 104 A phase I/II assessment of combination immuno-oncology 
drugs elotuzumab, anti-LAG-3 (BMS-986016) and anti-TIGIT 
(BMS-986207)

Trial start date on or after July 1, 2017, unless otherwise noted.

Table 1. 
Selected active trials of checkpoint inhibitors in MM.
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deficiency). Known as a tissue agnostic approach to cancer diagnosis and treatment, 
this marked the first drug approval based on a specific biomarker instead of on the 
tissue or organ of origin [91].

In terms of hematologic malignancies, pembrolizumab has been approved for 
treatment of Hodgkin’s lymphoma while both pembrolizumab and nivolumab have 
been approved for primary mediastinal large B-cell lymphoma (PMBCL). While 
studies of checkpoint inhibitors in both chronic and acute leukemias generally have 
been disappointing [87], work in the area of MM has shown some degree of efficacy 
but major issues concerning toxicity have arisen. Following favorable results in early 
phase trials [92, 93], pembrolizumab/dexamethasone was included in two phase 
III trials with and without the immunomodulators lenalidomide (NCT02579863—
KEYNOTE-185; NDMM) and pomalidomide (NCT02576977—KEYNOTE-183; 
RRMM). However, in July 2017, the FDA placed clinical holds on both trials due 
to the higher risk of death in the cohorts receiving the PD-1 blocker [94]. This 
suspension soon was expanded to include partial or full holds on all myeloma trials 
using combinations of immunomodulators and checkpoint inhibitors, an action 
that later was reversed in the case of three myeloma trials that employed nivolumab 
(NCT03023527, NCT01592370, and NCT02612779); however, no data have been 
forthcoming for these resumed studies. At this point, any future role that check-
point inhibitor-immunomodulator combinations may play in MM therapy is very 
much in a state of flux [95]. Other checkpoints that may serve as targets for MM but 
for which only limited preclinical or clinical studies are currently available include 
killer-cell immunoglobulin-like receptors (KIR) [96], CD47 [97], LAG3 [98], TIGIT 
[99, 100], and TIM-3 [101]. Table 1 contains a partial list of checkpoint inhibitors 
currently in clinical trials for MM.

7. Additional mAbs and their targets

CD138 (syndecan-1), which is overexpressed in MM [107], is the target of 
indatuximab ravtansine (BT-062), an ADC whose anti-CD138 mAb is linked to a 
cytotoxic microtubule destabilizing maytansinoid. This agent has been studied in 
RRMM both in combination with immunomodulators (NCT01638936) and as a 
single agent (NCT01001442 and NCT00723359). The 34 patients (median 5 prior 
therapies) in the monotherapy study who received a multi-dose regimen showed 
a median PFS of three months and median overall survival (OS) of 26.7 months 
while diarrhea and fatigue were the most commonly reported adverse events [108]. 
In addition, an anti-CD138 mAb, known as mAb 1610, has shown some potential 
anti-myeloma promise in a preclinical study [109].

CD74 plays a key role as a chaperone, enabling the proper folding and traf-
ficking of MHC Class II proteins in antigen-presenting cells. In addition, this 
type II transmembrane protein activates the NFκB signaling pathway following 
the binding of its intracellular domain to macrophage migration inhibitory factor 
(MIF) and translocation to the nucleus where it induces proliferation and sur-
vival, especially in B-cells. Elevated expression of CD74 in B cell malignancies, 
such as non-Hodgkin’s lymphomas and MM, has made this an attractive target 
for these types of cancer [110]. STRO-001, which has received Orphan Drug 
status from the FDA, is an anti-CD74 ADC in which an aglycosylated human 
IgG1 antibody is conjugated to a maytansinoid linker-warhead. A phase I trial 
(NCT03424603) of STRO-001 in B-cell malignancies, including MM, recently 
was initiated [111]. Two other CD74-targeting agents, milatuzumab and its 
doxorubicin-linked ADC, that had been under study in MM, both have been 
dropped from further consideration.
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Another conjugate linked to a maytansine derivative, the anti-CD56 ADC 
lorvotuzumab mertansine (IMGN901; BB-10901), had been the focus of a phase 
I trial in CD56-positive RRMM patients (NCT00346255) but insufficient efficacy 
and dose-related toxicity reportedly led to discontinuation of further studies of this 
agent [112, 113]. Other mAbs that have been dropped from further consideration 
in MM following demonstration of only modest efficacy and/or unacceptable 
toxicity in trials include the following (target in parentheses): dacetuzumab and 
lucatumumab (CD40); F50067 (CXCR-4); AVE1642 and figitumumab (IGF-R1); 
IPH 2101 (KIR); PAT-SM6 (GRP-78); BI 505 (intercellular adhesion molecule-1, 
ICAM-1), and siltuximab (IL-6).

8. Conclusion

The number of therapeutic options available to treat MM has witnessed a 
remarkable upsurge since the turn of the current century. The advent of proteasome 
inhibitors and immunomodulators, in addition to other small molecules working by 
additional mechanisms, such as histone deacetylase (HDAC) blockade and nuclear 
export inhibition, has resulted in a major alteration in the clinical approach to the 
disease. Over the past half-decade, the introduction of mAbs into the fight against 
this malignancy has further shifted the landscape of how this disease is treated 
both in newly diagnosed patients and in the relapsed/refractory setting. Chief 
among these newer entries are daratumumab and elotuzumab, and more recently 
the anti-CD38 mAb isatuximab and the bispecific antibody belantamab mafodotin. 
Although employment of mAbs in combination with small molecule agents, such 
as bortezomib and lenalidomide, has been of immense value in extending patients’ 
ability to achieve deep and durable remissions, relapse and refractoriness to therapy 
remain as major obstacles to attainment of a cure. Work on checkpoint inhibitors, 
which have been employed successfully in several tumor types and had shown early 
promise in MM, continues to move forward in clinical studies of MM, although 
tempered by recent setbacks stemming from toxicity concerns when used in combi-
nation with immunomodulators.

It is evident that future advances in treating MM will be dependent on  
gaining even deeper insight into the transformative molecular events leading to the 
disease. As new biomarkers that drive this unrelenting malignancy are identified, 
design and discovery of innovative target-based therapeutic approaches that will 
find their way into clinical practice will be established. The attainments already 
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tempered by recent setbacks stemming from toxicity concerns when used in combi-
nation with immunomodulators.
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