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This narrative review article summarizes past and current technologies for generating antibodies for passive immuniza-
tion/immunotherapy. Contemporary DNA and protein technologies have facilitated the development of engineered therapeutic
monoclonal antibodies in a variety of formats according to the required effector functions. Chimeric, humanized, and human
monoclonal antibodies to antigenic/epitopic myriads with less immunogenicity than animal-derived antibodies in human
recipients can be produced in vitro. Immunotherapy with ready-to-use antibodies has gained wide acceptance as a powerful
treatment against both infectious and noninfectious diseases. Influenza, a highly contagious disease, precipitates annual epidemics
and occasional pandemics, resulting in high health and economic burden worldwide. Currently available drugs are becoming less
and less effective against this rapidly mutating virus. Alternative treatment strategies are needed, particularly for individuals at high
risk for severe morbidity. In a setting where vaccines are not yet protective or available, human antibodies that are broadly effective
against various influenza subtypes could be highly efficacious in lowering morbidity and mortality and controlling unprecedented
epidemic/pandemic. Prototypes of human single-chain antibodies to several conserved proteins of influenza virus with no Fc
portion (hence, no ADE effect in recipients) are available. These antibodies have high potential as a novel, safe, and effective anti-
influenza agent.

1. Introduction

Antibodies are glycoproteins of the immunoglobulin super-
family. Antibodies are produced by plasma cells which are
derived from differentiated B lymphocytes of the immune
system in response to foreign substances. The basic structure
of an antibody molecule such as human immunoglobulin
G (IgG) (Figure 1) consists of the four polypeptide chains:
two identical heavy (H) chains and two identical light (L)
chains. One light chain (either 𝜅 or 𝜆 type) is linked alongside
one H chain (𝜇, 𝛿, 𝛾, 𝛼, or 𝜀), while the two H chains
are linked together, also by disulfide bonds. There are two
immunoglobulin domains in each L chain that are designated
(fromN-terminal) variable (VL) and constant (CL) domains.
Each H chain contains one variable (VH) domain and 3-4
constant (CH) domains (i.e., CH1–CH3 for IgA, IgD, and

IgG, and CH1–CH4 for IgM and IgE). The VL and VH
domains form an antigen-binding site (paratope), while the
constant part of the molecule determines antibody classes or
isotypes (IgM, IgD, IgG, IgA, or IgE) and other biological
functions, including complement activation and fixation to
cell surface receptors (Fc receptors; FcR). Antibodies provide
host resistance to invaders, such as microorganisms, by
different mechanisms (antibody-mediated immunity), either
alone or via cooperation with other humoral and cellular
factors of the immune system [1, 2].

Antibodies may be produced by a host’s immune system
after exposure to an infectious agent or foreign matter, or
after vaccination/immunization (actively acquired immu-
nity). Alternatively, an individualmay receive antibodies pro-
duced from other sources (passive immunization/passively
acquired immunity), such as transfer of maternal antibodies
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Figure 1: Basic structure of conventional antibody molecule, such
as human IgG.

to fetus in utero through the placenta or to infants via
colostrum and breast milk (naturally acquired). Ready-
made antibodies may be given to a recipient through injec-
tion/infusion (artificially acquired). The actively acquired
immunity sustains relatively longer (can be life-long) com-
pared to the passive immunity. Besides, the antigen primed-
lymphocytes can retain immunological memory which upon
reexposure to the same or antigenically related substance will
respond at an accelerated rate with a higher magnitude of the
response than the previous contact. However, there are many
limitations in generating the actively acquired immunity.
Usually, there is a time-lapse between the antigen expo-
sure and the emergence of the effective immune response;
thus active immunization is not practical for intervening
morbidity after exposure to pathogens of short incubation
period (such as influenza) or highly toxic substances (e.g.,
snake venoms, many toxins). Besides, induction of the active
immune response depends on several factors including char-
acteristics of antigen/immunogen (immune-dominant versus
low immunogenic; particulate/aggregate versus soluble; and
complex versus single/simple subunit) and other attributions,
such as dose of the antigen (too high or too low) and route
of immunization (parenteral versusmucosal); immunological
adjuvant used and host factors (genetics, MHC allotypes, age,
nutritional status, and immune competency). Not all subjects
will respond and acquire protective immunity after antigenic
exposure. Maternal antibodies are known to interfere with
vaccine immunogenicity in infants. It is also difficult (and
sometimes impossible) to induce active immune response
against highly toxic substance that the immunogenic dose is
higher than the disease causing dose.

Passive transfer of ready-made antibodies provides
immediate immunity although for a short duration. Passive
immunization had been practiced for prophylaxis, interven-
tion, and treatment of diseases since the late 18th century.
The measure was called serum therapy at the time. In 1890,

Emil Adolf von Behring and Shibasaburo Kitasato success-
fully treated diphtheritic children with serum from animals
immune to diphtheria [3, 4]. Since then, diphtheria antitoxins
and many other antitoxins, for example, antitetanus toxin,
antibotulinum toxin, and antistaphylococcal toxic shock syn-
drome toxin-1 (TSST-1), have been used for specific treatment
of the respective entities. The therapeutics may be in the
form of refined immunoglobulins for intravenous (IVIG)
or intramuscular administrations instead of immune sera
[4]. Passive immunization was used also in postexposure
prophylaxis for intervention of morbidity [5]. For examples,
hepatitis B immune globulin (HBIG) is given to subjects
exposed to the hepatitis B virus (HBV) through contaminated
needle stick or sexual exposure or to a newborn of infected
mother at parturition [5]. A combination of active and passive
immunization has been practiced for intervention of rabies
in rabid dog bitten subjects whose bite wounds are serious
and/or located near to the central nervous system. In this
instance, human rabies immune globulins (HRIG) and rabies
vaccines are given concomitantly at different sites; the former
is for providing immediate immunity (the HRIG is infiltrated
around the biting wound and injected intramuscularly) and
the latter for eliciting a longer lasting immunity to the virus
[5]. Although emergence of sulfonamides and antibiotics in
the 1930–1940s led to the use of the drugs for treatment
of most bacterial infections; however, antibodies still have
their prophylactic and therapeutic applications for many dis-
eases including intoxication/toxemia/envenomation/poison,
many viral infections, cancers, autoimmune disorders, car-
diovascular diseases, chronic inflammatory diseases, allergy,
allograft rejection, and graft versus host (GVH) reaction
[5–8]. Passive immunization has been considered also as
an option for treatment of deliberately released infectious
biological agents in bioterrorism (biological weapons) such
as anthrax, botulinum, plague, smallpox, and tularemia [9].
Antibodies may be an adjunct of supportive therapy for
infections/intoxications that direct acting agents are not
available or for infections caused by drug resistant pathogens
[10].

2. Therapeutic Antibodies

2.1. Animal-Derived Polyclonal and Monoclonal Antibodies.
Therapeutic polyclonal antibodies (PAbs) obtained from
serum/plasma of specifically immunized animals (such as
horse, sheep, donkey, camel, goat, and rabbit) have been used
in the early days of serum therapy. Nevertheless, adverse side
effects including immediate reactions (both IgE and non-
IgE mediated), pyrogenicity, and/or delayed serum sickness
occur frequently in human recipient [11]. The animal immu-
nization requires repeated and lengthy immunization process
before a satisfactory antibody level is reached [12]. Besides,
limited amount of the immune serum/plasma (compared to
the high demand) is obtained from individual animals at
one bleeding time. There is a batch-to-batch variation of the
antibody quality as well as a difficulty in eliciting antibod-
ies against low immunogenic but highly toxic substances.
Moreover, large animals require large pasture for gazing and
roomy shelter. Proper husbandry must be provided in order
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to keep them in good health and free of infection, particularly
zoonosis such as equine encephalitis that may be transmitted
to the animal caretakers or the recipients of the antibodies.

Invention of hybridoma technology by Köhler and Mil-
stein in 1975 [13] has abolished some limitations of thera-
peutic antibody production by animal immunization. Mouse
monoclonal antibodies with well-defined target-specificity,
high purity, and reproducible quality at the desired amount
can be produced by growing an established hybridoma clone
(derived from fusion of parental B and mouse myeloma
cells) in vitro. Monoclonal antibodies from the hybridoma
technology have been used extensively in immunoassays [14–
16], imaging [17], and passive immunotherapy of infectious
and noninfectious diseases [18, 19]. The first therapeutic
mouse monoclonal antibody, that is, muromonab, which is
IgG2a specific to CD3 on T cells was approved by US-FDA in
1986 for treatment of allograft rejection [20]. Limitations of
the mouse monoclonal antibody include requirement of
tissue culture facility, strict aseptic techniques, and expen-
sive culture medium. Hybridoma cultures require frequent
subcultures due to rapid depletion of nutrients in the growth
medium, deposition and accumulation of apoptotic/necrotic
cells, and cell cycle arrest (which can stop dividing, known as
senescence stimulated by cell-to-cell contact) [21]. The major
obstacle in using mouse monoclonal antibodies for human
treatments is their immunogenicity. The mouse proteins are
foreign to human immune system and human anti-mouse
antibody (HAMA) response is elicited which leads to a
rapid clearance of the mouse antibody and adverse reactions
[22–24]. Besides, murine monoclonal antibodies are rela-
tively inefficient in antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC),
the activities which are critical for anticancers [25].

2.2. Engineered Antibodies. The first attempt to reduce
immunogenicity of the therapeutic mouse monoclonal anti-
body was to replace the mouse Fc fragment or the whole
antibody constant regions (CH1–CH3) with the human
counterpart by means of genetic manipulations, that is,
mutations or engineering [26, 27]. The chimeric antibody
(Figure 2) retains the mouse Fab or Fv (VH-VL) fragments
with the same epitopic specificity to the original molecule
but the immunogenicity to the human immune system is
reduced by ≥70% [27, 28]. Retention of the Fc portion in
the chimeric molecules is necessary for maintaining the
immune effector activities such as Fc-dependent ADCC or
binding to cellular receptor for enhancement of phagocy-
tosis, activation of complement, and clearance of immune
complexes. The first chimeric human-mouse monoclonal
antibody, that is, rituximab, was approved by FDA in 1997. It is
mouse IgG1 specific to CD20 for treatment of non-Hodgkin
lymphomas [29]. Alternative approach for production of
chimeric human-animal antibodies has emerged through the
use of humanized-rodent such as OmniRat that carries a
chimeric human/rat IgH locus and fully human Ig𝜅 or Ig𝜆
locus [30].

Mouse antibody fragments including F(ab)
2
, Fab, and

single-chain antibody variable fragment (scFv, which the VH
is linked to the VL by a polypeptide) can be used for human
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Figure 2: Mouse IgG and humanized-mouse IgG (chimeric anti-
body). The mouse protein, that is, Fc or the whole constant part, is
replaced by the respective human counterpart.

therapy when the effector functions of the Fc are not needed.
However, these antibody fragments are still immunogenic
in human recipients [20, 26]. To obviate this problem, fur-
ther reduction of the mouse antibody immunogenicity was
performed by molecular grafting all antigen-binding loops
(complementarity determining regions, CDRs) of the mouse
antibody onto the closest human immunoglobulin frame-
work regions (FRs) (humanization process) [31–34]. The
humanized-mouse antibody retains the antigenic specificity
of the parental molecule (provided that the conformation
of the antigen-binding fragment is conserved after human-
ization, protein purification, and refolding). Alternatively,
humanization of murine antibody can be done by replacing
some surface-exposed residues of the mouse framework
regions with those of the human regions while maintain-
ing the CDRs and core residues of the mouse framework
(residues that are important for maintaining the affinity, i.e.,
canonical structure or regions that contact with the antigen).
This process is called “Resurfacing” [35].Thefirst humanized-
monoclonal antibody, antithrombolism, was approved by
the US-FDA in 1994 [36]. Nowadays, many of the licensed
therapeutic monoclonal antibodies are in the humanized-
mouse format ([19, 37], and others).

Production of the humanized-antibodies byCDRgrafting
or resurfacing is laborious and cumbersome as it has to be
done antibody-by-antibody. Sometimes the target binding
affinity or specificity of the parental molecule is not main-
tained. Nowadays, fully human monoclonal antibodies can
be produced by using several strategies. Human monoclonal
antibodies could be produced from hybrids which were
obtained by fusion of either immunized peripheral blood
lymphocytes or immune B cells obtained at disease recovery
period with human lymphoblastoid or lymphoma cell lines
(human hybridomas) [38]. Immune B cells derived from
immunized or disease convalescing subject can be immor-
talized by infecting with Epstein-Barr virus (EBV); then the
virus transformed-immune B cells are cloned; individual
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clones grown in vitro similar to themouse hybridoma culture
and the secreted human monoclonal antibodies can be har-
vested from their culture supernatants [39–43]. Transgenic
animals which their B cells carry human immunoglobulin
gene loci produce human antibodies after antigen exposure
[44–50]. Hybridomas secreting human monoclonal antibod-
ies can be obtained from the immune transgenic animals [51].
Currently, several human monoclonal antibodies produced
by transgenic animal lines have been approved for use in
treatment of various human cancers and many more are in
different stages of clinical development for various therapeu-
tic purposes including allergy, autoimmune diseases, cancers,
cardiovascular diseases, inflammatory diseases, infectious
diseases, and pain [51, 52].

2.3. In Vitro Production of Human Single-Chain Antibodies
byUsing Phage Display Technology. Phage display technology
invented by Smith in 1985 [53] has made in vitro production
of human monoclonal antibodies specific to a desired target
possible and relatively simple. Human immunoglobulin gene
repertoire that resembles in vivo B lymphocyte pool (or even
more diverse) can be generated in vitro by PCR amplification
of human immunoglobulin gene amplicons derived from
naı̈ve, specifically immunized subjects, or synthetic gene
pool and cloned into genome of a display system [54–56].
Degenerate primers can be used to obtainmultiple amplicons
from a single template [56]. Currently, many systems are
available for the display purpose including yeast [57], bacteria
such asEscherichia coli [58],mammalian cells [59], ribosomes
[60], and phages (most commonly used) [56, 61].

For constructing a human antibody-phage display library,
genes of all human immunoglobulin families and subfamilies
coding for diverse human antibody molecules (Fab, scFv, or
sdAb) are PCR amplified and cloned into a phagemid vector
(plasmid with a phage origin of replication) downstream of
the phage gene coding for one of the coat proteins (pIII or
pVIII) of the M13 phage [54, 56, 62]. An amber stop codon is
inserted between the gene sequences of the antibody and the
phage coat [62].The recombinant phagemids are transformed
into a special strain of E. coli that can produce tRNA of the
stop codon (called suppressor E. coli). After growing and
coinfecting the recombinant phagemid-transformed E. coli
with a helper phage (such as M13KO7), the bacteria produce
complete phage particles that individually display contiguous
antibody-phage coat protein on their surface [62]. Each phage
particle resembles a B lymphocyte, which contains antibody
coding gene in the genome and concurrently displays the
respective antibody on the surface as a fusion partner of one
of the phage coat proteins.The antibody display phage library
resembles a pool of B lymphocytes with diverse antigen-
binding specificity. In our laboratory, a human scFv phage
display library was constructed [56]. The overall process in
constructing a human scFv phage display library and the
production of bacterially derived human scFv is illustrated in
Figures 3(a) and 3(b), respectively. Total RNAswere extracted
from peripheral blood mononuclear cells of multiple blood
donors and mRNAs were reversed-transcribed to cDNAs.
Gene sequences coding for human VH and VL families and
subfamilies were PCR amplified using the pooled cDNAs as

templates and 14 forward and 3 reverse degenerate primers
designed from multiple alignments of human functional
immunoglobulin genes in the VBASE [63]. The amplified vh
and vl sequences were linked together via a polynucleotide
linker coding for a polypeptide composed of a triplicate of
four glycines and one serine [(G

4
S)
3
] by means of spliced

overlapped extension PCR (SOE-PCR) to generate DNA
sequences (huscfvs) coding for human scFvs (HuscFvs) or
VH-peptide linker-VL. The huscfv sequences were cloned
into phagemid via the appropriate endonuclease restriction
sites at the 5 and 3 ends, respectively. The recombinant
phagemids were used to transform competent F+ E. coli [the
E. coli strain that a fertility factor (F) exists autonomously on
the F episome (conjugative plasmid) in the cytoplasm; the
bacteria express pili on their cellular surface which function
in bacterial conjugation; the pili served also as receptors
for filamentous phage transduction] by electroporation. The
transformed E. coliwere grown and cotransfected with helper
phage and the complete phage particles were collected from
the bacterial culture supernatant. The library has been used
to generate human single-chain antibodies (HuscFvs) against
several antigens including snake venoms, toxins, viral pro-
teins, and other molecules as well as human proteins.

2.4. Single-Domain Antibodies (Nanobodies). Based on dif-
ferential adsorption on protein G- and protein A- affinity
resins, serumof camelidae including one humped (oldworld)
camels (Camelus dromedarius, C. bactrianus), llamas (Lama
glama and L. guanicoe), and alpaca (Vicugna pacos) were
found to contain three different IgG subclasses including
IgG1, IgG2, and IgG3 [64]. The IgG1 which is conventional
heterodimeric four-chain antibody with two heavy (H) and
two light (L) polypeptide chains linked together by disulfide
and noncovalent bonds (Figure 4(a), far left). The IgG2
(46 kDa) and IgG3 (43 kDa) are homodimers of H chains
without the L chains; these dimeric H chain antibodies are
called “Heavy chain antibody, HCAb” [64].The twoH chains
of the HCAb are associated by noncovalent bonds. The H
chain does not contain CH1 domain; the hinge region is rel-
atively long compared to that of the conventional four-chain
IgG. The antigen-binding site of the HCAb comprises only a
variable domain of the H chain, designated variable domain
of heavy chain of HCAb or VHH [65]. The VHH is linked to
the hinge region followed by the Fc portion. Diagrammatic
structure of the conventional IgG (IgG1 of camelids) and the
antigen-binding site (VH-VL) in comparison to the HCAb
structure and the HCAb antigen-binding site (VHH) are
shown in Figure 4(a). Some hydrophobic amino acids in
the region of the conventional VH that usually interacted
with VL are mutated in the VHH to be more hydrophilic
for reducing molecular aggregation [66]. This area is located
on immunoglobulin framework region 2 (FR2) and con-
tains characteristic tetrad amino acids including F/Y42, E49,
R/C50, and G/L52 (substitute for V/I 42, G49, L50, and W52
of the conventionalVH-FR2), according to IMGTnumbering
system [66] (Figure 4(b)). The tetrad amino acid hallmark
is used for distinguishing the camel variable antigen-binding
fragment (VHH) from the conventional VH.The sequence of
the complementarity determining region 3 (CDR3) of the
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Figure 3: Procedures for (a) construction of human scFv phage display library and (b) phage biopanning and production of the E. coli-derived
recombinant human scFv.

VHH is unusually long (16–18 amino acid residues) and
longer than that of the human and mouse VH (average of 12
and 9 amino acid residues, resp.) [67]. The camelid VH and
VHHcan be engineered to express as single-domain antibody
fragments (sdAb) of ∼15–20 kDa which still retain antigen-
binding capacity. The sdAb have about 10x lower molecular
weight than the IgG and about 2x smaller than the scFv;
therefore, they are called “nanobodies or minibodies” [68].
The genes coding for sdAbs can be cloned and expressed
in E. coli system with relatively high yield, highly soluble in
aqueous environments, and very robust [69, 70]. Because of
their small sizes, the recombinant sdAbs are relatively stable
to heat. They also have high binding affinity to the target
[68, 69]. VHH antibodies have been shown to be potent

enzyme inhibitors [71–75], as their long CDR3s can penetrate
into the active pockets of the enzymes and block directly
the respective catalytic activities which the conventional
paratope consisting of VH and VL of the conventional four-
chain antibody cannot do so [75, 76].The sdAbs have become
attractive therapeutic molecules for cancers, infectious dis-
eases, parasitic infections, envenomation, intoxication, and
inflammatory conditions caused by toxic enzymes [74, 77–
87]. Camel VHH (Nanobody�, namely, ALX-0081, Ablynx,
SOFINNOVA) specific to von Willebrand factor (anti-vWF)
was tested in clinical trial in humans and found to be rela-
tively safe without any untoward reactions in the recipients
[87, 88].Moreover, nanobodies have been used successfully as
novel magic bullets for in vitro and in vivo immune-imaging
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Figure 4:Diagrammatic representations of (a) conventional IgG, heavy chain antibody (HCAb), and antigen-binding sites of the conventional
(VH and VL) and HCAb (VHH), respectively. (b) Deduced amino acid sequences of VH (left) and VHH (right). The immunoglobulin
framework region-2 (FR2) of VH contains V/I 42, G49, L50, and W52 (red squares) while that of the VHH contains characteristic tetrad
amino acids, that it, F/Y42, E49, R/C50, and G/L52 (red squares).The CDR3 of the VHH (purple circles of the right panel) is longer than that
of the VH (purple circles of the left panel).

for research and preclinical and clinical applications [89–92].
A phage library that displays humanized-camel VHs/VHHs
was constructed in our laboratory [74]. The library was used
subsequently in biopanning for selecting humanized-VHs/
VHHs display phage clones that bound to a variety of targets
including toxins [74, 82] and viral proteins [83–85].

Some formats of engineered antibodies are illustrated in
Figure 5.

2.5. Cell Penetrating Antibodies (Transbodies). Plasma mem-
brane is a formidable barrier (because of the physicochemical
properties) and only selectively allows permeability of certain
small molecules (by means of passive diffusion, facilitated
diffusion, or carrier proteins/transporters) such as gases, ions,
water, sugars, amino acids, nucleosides, fat soluble vitamins
[93]. A variety of biomolecules including antibodies are
retained extracellularly. Antibodies are thus inaccessible to

their intracellular targets such as proteins/enzymes of repli-
cating virus, intracellular bacteria, or toxins that have entered
the cells. To circumvent this obstacle, several delivery systems
including cationic liposome [94], polyethyleneimine (PEI)
[95], and peptides with cell penetrating capacity, called “Cell
penetrating peptides, CPPs” [96, 97], have been developed
for carrying antibodies/antibody fragments and a variety
of other cargoes including proteins, drugs, nucleic acids,
plasmids, and siRNAs across the plasma membrane into
cytosol and also to different subcellular compartments [98–
102]. CPPs have been used as a vehicle for cellular import of
therapeutic molecules, both in vitro and in vivo [84, 85, 100–
104]. Examples of CPPs are (1) protein transduction domains
(PTDs) such as penetratin (PEN; synonym antennapedia
homeodomain peptide of Drosophila melanogaster) [105],
HIV-1 Tat peptide: Tat

49–57 [106, 107], transportan (a 27
residue-peptide from galanin neuropeptide and mastoparan
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single-chain antibody variable fragment where VH andVL domains
are linked by a polypeptide; sdAb, single-domain antibody (VH or
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or wasp venom toxin) [97], and VP-22 peptide of struc-
tural protein of herpes simplex virus [108]; (2) amphipathic
peptides such as noncytotoxic sweet arrow peptide (SAP)
which is a proline-rich motif (VRLPPP) [105], peptide vector
named MPG derived from the fusion sequence of HIV-1
gp41, and a hydrophilic domain of SV40 nuclear localization
sequence [101]; and (3) other CPP type such as nonaarginine
(R9) and poly-lysine [109]. In our laboratory, cell penetrable
human scFvs and humanized-camel VHs/VHHs specific to
viral proteins and toxins have been prepared by linking the
antibody molecules to either penetratin or R9 [84, 85, 103,
104, 110–112]. These fusion proteins readily entered mam-
malian cells without causing cytotoxicity and bound to their
respective intracellular targets. They were safe for mice after
injecting repeatedly either intravenously or intraperitoneally
at comparable doses to those given to humans for passive
immunotherapy [111].

Comparison on some attributions of the conventional
four-chain antibodies and engineered antibodies are given in
Table 1.

3. Influenza and Influenza Viruses

3.1. Introduction. Influenza or flu caused by influenza viruses
is a highly contagious respiratory disease of humans and
animals worldwide [113]. The infection can lead to serious
morbidity with high case-mortality rate especially among
the elderly, small children, and individuals with chronic
respiratory disease and/or immunocompromised condition.
Influenza viruses are classified into four types, A, B, C, and
D based on antigenicity of the viral nucleoprotein (NP)
and major matrix protein (M1), epidemiologic patterns, host
range, and symptom severity that they cause [114]. Only the
type A viruses (IAV) have pandemic potential. In the human
history, several catastrophic influenza A pandemics that led
to many million deaths have been recorded periodically
including Spanish influenza pandemic caused by IAV subtype
H1N1 during 1918-1919 with estimated 20–50 million deaths
[case-fatality rate (CFR) 2.3%], Asian flu caused by subtype

H2N2 in 1957-1958 (∼1–4millionmortality; CFR< 0.2%), and
Hong Kong flu caused by H3N2 in 1968-1969 (∼1–4 million
deaths; CFR < 0.2%). In 1997, avian influenza H5N1 was
transmitted from chicken to infect human and started the
outbreak in Hong Kong which subsequently spread to other
countries in Asia and other continents causing a high mor-
tality rate, a global health threat, and a huge economic loss
[115, 116]. In the first decade of this century, the World
HealthOrganization (WHO)declared an influenza pandemic
caused by a newH1N1 strain (subsequently named pandemic
H1N1-2009, pdm09H1N1) as a Public Health Emergency of
International Concern on April 26, 2009. This pandemic
was started as an outbreak in Mexico where the infected
subjects were succumb severe pneumonitis which led to
high case-fatality ratio. The disease rapidly spread to the
US and subsequently to 72 countries of other continents
where hundreds of thousands subjects were infected and
several hundreds were deceased [117]. Molecular analysis
revealed that the virus contains genetic combination of H1N1
of the North American and the Eurasian swine lineages [118,
119]. Currently, different antigenically drifted strains of IAV
subtypes H1N1 and H3N2 and type B (IBV) strains, either
Yamagata or Victoria lineage, or both, are circulating and
cause seasonal incidences of influenza annually [120, 121].

3.2. Biology of Influenza Viruses. Influenza viruses belong to
familyOrthomyxoviridae.They are enveloped negative-sense
single stranded (ss) RNA viruses. Among the four types, the
type A viruses (IAV) infect the widest host range including
human, other mammals (both terrestrial and marine), bat,
and avian species and inflict the most severe morbidity.
They are divided further into subtypes according to the
antigenic differences of two surface glycoproteins, that is,
hemagglutinin (HA or H) and neuraminidase (NA or N).
Currently, 18 HA and 11 NA subtypes have been recognized
and the IAV virion may display any combination of the two
proteins on the surface, for example, H1N1, H2N2, H3N2,
H5N1 to H5N9, H7N1 to H7N9, H9N2, H10N7 [122]. Most of
the IAV subtypes can be found in asymptomatic wild aquatic
avian species except the two recently recognized subtypes,
H17N10 and H18N11, which have been reported from bats
[122, 123].The B and C influenza viruses (IBV and ICV, resp.)
infect principally humans. The former has similar host range
and epidemic pattern to the IAV but never cause pandemic
[124–127]. Since early 1980s, two lineages of IBV, Yamagata
and Victoria, have been recognized [120]. Strains of the two
lineages take preeminent of a particular year in causing
human epidemic influenza B [128]. The C viruses (ICV)
can cause swine infections that are transmissible to human
and vice versa [127]. ICV infection may be asymptomatic
or manifested only mildly [129]. Influenza D virus infects
animals including cattle and pigs as well as humans (as shown
by the presence of serum antibodies to the virus) but human
case has not been reported [130–132].

Influenza virus structure, genome segment organization,
and gene products are shown in Figure 6. Bioactivities of
the influenza viral proteins are detailed in Table 2. Genomes
of IAV and IBV contain 8 RNA segments that code for 18
functionally different proteins [133], while the ICV and IDV
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Table 1: Comparison on some attributions of the conventional four-chain antibodies and engineered antibodies.

Attribution Conventional four-chain antibodies Engineered antibodies (four-chain and
fragments)

Selection

In vivo or achieved via hybridoma
technology which need repeated animal
immunization
Hybridoma technology requires tissue
culture facility and hand on experience
Antigen: must be immunogenic with
appropriate dose, route, etc.
Host factors to be considered: genetics,
MHC and immune status

In vitro: antibody coding genes can be
selected from bacteria, yeast, and
mammalian display systems
Animal-free system (alleviates animal
welfare concern). Antigen: no restriction
Free from influence of host status

Generating time Relatively long process
Relatively short-time (less than 4 weeks
to get antigen binding clones from the
display systems)

Production Hybrodomas require tissue culture
facility and expensive culture medium

Various and flexible expression systems
including bacterial, yeast, and
mammalian
High yield can be obtained, for example,
from optimal mammalian expression
system

Reproducibility In vivo: animal-to-animal and
batch-to-batch variation in quality

Low batch-to-batch variation
No life-time limit

Genetic stability Genetic drift (hybridomas) Relatively more stable

Molecular structure Mostly unknown Known DNA sequence information,
defined structure (CDRs and FRs)

Format Four chains with strict species, isotypes,
subisotypes

Can be four-chain or engineered at
genetic level to preferable formats (to suit
the purpose of use): chimeric,
humanized, fully human, F(ab)2, Fab,
scFv, sdAb, multi-valent, multimeric, and
many other possibility

Purity

Antibodies from in vivo immunization
and hybridoma culture can be
contaminated with the host proteins, and
disease causative and adventitious agents
from animal derived raw material

Can be purified to be free from
adventitious agents with high purity (up
to 99.8% at GMP level)
Animal-free raw material

Affinity Usually high but cannot be improved or
modulated

Can be improved and modulated by in
vitro affinity maturation, point
mutation(s) or resurfacing of the antigen
binding site

Cell penetrating
ability No; inaccessible to intracellular target

Yes, by linking molecularly to a cell
penetrating peptide; thus, can be
accessible to the intracellular target

Half-life in vivo Can be several weeks (isotype-matched)

Can be many hours to several weeks
depending on the designed format;
increased longevity and
pharmacokinetics can be done, such as by
PEGylation, multimerization, or
modulating IgG/FcRn interaction
The cell-penetrating antibody
(superantibody) can stay in vivo for
relatively long period of time as they can
cross the membrane of all cells but get
accumulated intracellularly only where
the target antigen is present. Thus,
disappearance of the superantibodies
from the blood circulation does not imply
that they were eliminated from the body
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Table 1: Continued.

Attribution Conventional four-chain antibodies Engineered antibodies (four-chain and
fragments)

Fc fragment

The antibody has functional capabilities
that are mediated by the Fc including
complement dependent cytotoxicity
(CDC), antibody-dependent
cell-mediated cytotoxicity (ACDD),
opsonization, and immune complex
removal; nevertheless, the Fc function is
derived by chance

Antibody fragments devoid of Fc usually
do not cause Fc-mediated inflammation.
They cannot mediate CDC, ADCC,
opsonization and immune complex
removal.
Engineered four-chain antibodies can be
designed for appropriate immunological
functions such that their Fc can fix
properly to receptors, either activating
receptors, such as Fc𝛾RI, Fc𝛾RIIa,
Fc𝛾RIIIa (CD16) or inhibitory receptor
(Fc𝛾IIb)

Tissue penetrating
ability

Relatively low, mostly depends on their
interaction to FcRs
Tend to comigrate with FcR-bearing
immune cells

Relatively high, due to small size and no
Fc restriction; they can freely migrate to
the site of infection/affected areas (high
tissue penetration)

Antibody-dependent
enhancement (ADE)
of viral infection

Frequent for many viral infections, such
as Dengue, influenza, Zika,
Chikungunya, West Nile, and HIV-1

Relatively safe for use in treatment of
various viral infections as the antibody
fragments devoid of Fc do not have ADE
ability, while Fc fragments of intact
four-chain engineered antibodies can be
modified to abrogate Fc receptor binding
ability

Side effects

Uncontrolled binding site, affinity, and Fc
function
Can cause adverse effects such as serum
sickness, tumor lysis syndrome, cytokine
release syndrome, and anaphylaxis

Minimized potential for causing adverse
effects can be achieved through
modulation of binding site and affinity,
humanization, and Fc engineering

have 7 gene segments as they lack the fifth segment coding
for neuraminidase. The first gene segment of influenza virus
encodes basic polymerase-2 (PB2) which is translated from
AUG1 of the nonspliced mRNA [133]. The second RNA
encodes another basic polymerase, PB1, and two other pro-
teins, that is, PB1-F2 and PB1-N40 [133]. Products of the third
RNA segment are acidic polymerase (PA), PA-X, PA-N155,
and PA-N182 proteins [133]. The fourth, fifth, and sixth RNA
segments code for HA, NA, and NP, respectively.The seventh
gene encodesmajormatrix protein (M1), ion-channel protein
(M2), and M42. Products of the last gene include NS1, NS2,
or nuclear export protein (NEP), NS3, NS4, NEG8, and NSP,
respectively [133]. Each gene segment of the influenza virus
is encased by NP and binds one molecule each of PB1, PB2,
and PA to form RNA-dependent RNA polymerase (RdRp)
complex for viral transcription and replication [134].The PB1
has endonuclease activity that can excise cap structure (G7m)
from the host pre-mRNA for initiation of the viral transcrip-
tion [135–137]. This protein also contains RNA-dependent
RNApolymerase (RdRp)motif and binds to vRNAand cRNA
promoters [138]. The PB2 recognizes and binds to the cap
that the PB1 snatched from the host pre-mRNAs [114, 139].
PA is involved in the viral transcription and replication [140–
143]. The PB1-F2 translated from an alternate reading frame
(AUG4) of the PB1mRNA [144] has been shown to impair the
cellular innate immunity by accelerating mitochondrial frag-
mentation [144]. PB1-N40 is another polypeptide of the

second gene segment that is translated from AUG5 due
to leaky ribosomal scanning [133]. This protein is an N-
terminally 39 residue-truncated PB1 whose function is to
maintain the balance of expressions of the PB1 and the PB1-F2
[133, 145]. PA-X (292 residues) is a PAoverlapping protein that
the first 191 N-terminal amino acids are identical to PA but
the PA-X possesses 61 specific amino acids at its C terminus
[146, 147]. However, most human pdm09H1N1 and swine
viruses possess only 41 PA-X-specific amino acids [138, 147].
The PA-X is translated from AUG1 and +1 ribosomal frame
shifting (codons 190–193) of the third gene segment [133, 146,
148]. This protein possesses endonuclease activity [149] and
contributes to viral growth and virulence and host immune
response suppression [133, 149]. PA-N155 (translated from
nonspliced mRNA of gene segment 3 at AUG11 due to leaky
ribosomal scanning) and PA-N182 (translated from AUG13
of the third gene segment) are N-terminally truncated forms
of PA which does not have polymerase activity [133, 150].The
proteins of PAgene could be detected in infected cells ofmany
host species and may be involved in influenza pathogenicity
[150]. Virus mutants lacking the proteins replicated slowly in
cell culture and conferred low pathogenicity in the infecting
mice [149]. Hemagglutinin (HA) is the product of the fourth
influenza gene segment. It is one of the two glycoproteins
that decorate the influenza virus envelope. The protein is
produced as a trimeric 76 kDaHA0molecule from endoplas-
mic reticulum of the infected cell and is transported through
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Table 2: Functions of influenza virus proteins.

Gene segment Name of protein Function(s)

1 PB2 Basic polymerase recognizes and binds to the cap that the PB1 snatched from the
host pre-mRNAs for genome replication

2
PB1 Basic polymerase with endonuclease activity that can excise cap structure (G7m)

from the host pre-mRNA for initiation of the viral transcription
PB1-F2 Impair the cellular innate immunity by accelerating mitochondrial fragmentation
PB1-N40 Maintains the balance of expressions of the PB1 and the PB1-F2

3

PA Acidic polymerase which involves in the viral transcription and replication

PA-X Possesses endonuclease activity and contributes to viral growth and virulence and
host immune response suppression

PA-N155 and PA-N182
Do not have polymerase activity; likely possess important functions in the
replication cycle of influenza A virus as virus mutants lacking these proteins
replicate more slowly in cell culture and have lower pathogenicity in mice

4 HA

Plays major role in the early stage of infection by binding with host cell receptors for
virus entry (function of the HA1 domain) and viral-endosomal membrane fusion
for cytoplasmic entering of the vRNPs (activity of the HA2) for further virus
replication in nucleus

5 NA

Digests the sialic acid receptors on the host cell to free the newly formed virus
particles for further spread
Cleaves sialic acid in the extracellular matrix to facilitate the HA binding to the
cellular receptors at the initial stage of infection
NA also limits viral superinfection of the infected cells

6 NP

NP encapsidates the viral RNA and binds one molecule each of PB2, PB1, and PA to
form RNA-dependent RNA polymerase (RdRp) complex for viral transcription and
replication
Later in the infection, NP is bound by M1 which mediates nuclear export of newly
produced vRNPs through interacting with nuclear export protein, NEP
It is also possible that NP binds directly host exportin-1/XPO1 and plays an active
role in RNPs nuclear export

7 M

M1: at early stage of infection, M1 releases endocytosed vRNP while the HA
molecule undergoes conformational change to expose HA2 peptide that causes
host-viral membranes fusion and an exit of the vRNP into cytoplasm for further
transport to nucleus where the viral RNA replication takes place
M1 interacts with NEP and NP for transporting newly synthesized vRNPs from
nucleus to cytoplasm for further assembly and budding
M1 also prevents the newly formed vRNPs from re-entering the nucleus
M2 forms ion channel at the viral membrane which allows H+ to enter the virion
causing vRNP release into cytoplasm for further replication in the nucleus
M2 initiates autophagosome formation at the early stage of infection but blocks
autophagosome fusion to lysosome at the late phase which consequently
compromises survival of the infected cells for viral fitness
M2 prevents acid-induced conformational change of newly produced HA in
trans-Golgi network
At the late stage of the viral infection, M2 is recruited by M1 to virus budding site
where the M2 amphipathic helices cause plasma membrane curvature and
membrane scission for virion release
M42 can replace the M2 functions in the M2-deprived viruses

8 NS

NS1 suppresses host immunity, inhibits host protein synthesis and enhances viral
translation
NEP mediates nuclear export of the newly synthesized vRNPs
NS3 might involve switching from avian to mammalian hosts, including human,
swine and canine populations
NS4, NEG8, and NSP: unknown functions
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Figure 6: Influenza virus structure (a), genome segment organization (b), and gene products (c).

Golgi apparatus to the plasma membrane [151, 152]. The
HA0 must be nicked posttranslationally into two disulfide-
linked HA1 (∼58 kDa) and HA2 or hemagglutinin stalk (∼
26 kDa) to become a functional HA molecule [153, 154].
This viral protein is the principal target of vaccine-induced
neutralizing antibodies which provide protective immunity
against influenza. HA has a major role in the early stage of
infection including host receptor binding for virus entry
(function of the HA1 domain) and viral-endosomal mem-
brane fusion for cytoplasmic entering of the vRNPs (activity
of the HA2) [155]. For the cellular entry, HA uses HA1
domain to interact with host cell receptors which comprises
terminal sialic acid linked to galactose residue via either 𝛼2,3
or 𝛼2,6 linkage [155]. In the acidic endosomal environment,
the endocytosed vRNPs are released from the M1 protein,
while the HA molecule undergoes conformational change to
expose HA2 peptide that causes fusion of the host and the
viral membranes and an exit of the vRNPs into cytoplasm

for further transportation to nucleus where the viral RNA
replication takes place [156]. Neuraminidase (NA) (∼65 kDa)
is the only product of the sixth gene segment. NA is another
surface glycoprotein of the influenza viral particle. This viral
enzyme digests the sialic acid receptors on the host cell to free
the newly formed virus particles for further spread [157]. NA
has been shown to be important for initiating influenza virus
infection in human airway epithelium by cleaving sialic acid
in the extracellular matrix to facilitate the HA binding to the
cellular receptors [158]. NA also limits viral superinfection
(infection of a target cell by more than one virion) of the
infected cells [159]. The seventh RNA segment of influenza A
viruses produces 4 mRNAs [160]. The mRNA1 is translated
into major matrix protein (M1) which is the product of
the unspliced mRNA transcript [133]. M1 mediates self-
oligomerization to form meshwork that lies underneath the
influenza viral envelope for maintaining the virion integrity
[161, 162]. The M1 matrices are important for assembly of
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newly synthesized viral components and budding of the
progeny viruses [163–168]. At the early stage of infection, M1
frees endosomal vRNP into cytoplasm for further replication
in the nucleus [168]. M1 which contains nuclear localization
sequences (NLSs) interacts with C-terminal domain of the
nuclear export protein (NEP) (which also has NLSs) and NP
for transporting newly synthesized vRNPs from nucleus to
cytoplasm for further assembly and budding [169–172]. M1
also prevents the newly formed vRNPs from reentering the
nucleus [173]. M2 of influenza virus is the second product of
the seventh RNA segment. The protein is translated from
the spliced transcript (mRNA2) of the gene [160]. It is a
type III membrane protein of the viroporin family [174]. This
protein forms homotetramers on the membrane of the virus
infected cells and, to a fewer extent, on the virion surface.
M2 functions as a pH-activated ion channel which allows H+
to enter the virion causing a release of vRNP into cytoplasm
for further replication in the nucleus [175]. M2 interferes
with cellularmacroautophagy by stimulating autophagosome
formation during the early phase of the infection but blocks
fusion of the autophagosomes to lysosomes at the late phase
which consequently compromises survival of the infected
cells for viral fitness [176]. The protein prevents acid-induced
conformational change of newly producedHA in trans-Golgi
network [177]. At the late stage of the viral infection, M2 is
recruited by the M1 to the site of virus budding where the
amphipathic helices of the M2 cause plasma membrane cur-
vature andmembrane scission for virion release [178]. Protein
product of the mRNA3 of the seventh gene segment is not
known. M42 is a newly recognized protein of a variety of IAV
which is translated from a spliced variant mRNA4 of the sev-
enth gene segment [179]. The M42 has distinct ectodomain
from the M2 and can replace the M2 functions in the M2-
deprived viruses [179]. The eighth gene segment of influenza
virus encodes several proteins, also by differential RNA
splicing [160].Thefirst product of the 8th gene segment isNS1
which is amultifunctional and relatively conserved protein of
influenza viruses [180]. NS1 is translated from nonspliced
mRNA (AUG1) [181]. At the early phase of the viral infection,
the protein suppresses host immunity by competing with
cytoplasmic and endosomal pattern recognition receptors
(PRR) for binding to viral RNA and thus interferes with the
host innate interferon (IFN𝛼/𝛽) signaling and production.
Inhibition of the innate interferon production consequently
inhibits generation of several antiviral factors such as 2,5-
oligoadenylate synthetase (OAS) and protein kinase R (PKR)
and prevention of cellular apoptosis [182–187]. NS1 inhibits
host protein synthesis and enhances viral translation [188–
192].The protein interferes with maturation andmigration of
dendritic cells (DCs); thus, the cells were unable to stimulate
immune responses, especially cell-mediated responses [193].
NS2/NEP is translated from alternatively spliced mRNA,
NS2 mRNA (also AUG1) of the 8th gene segment [133]. C-
terminal domain of the NS2/NEP binds vRNP-bound-M1
while the N-terminal domain interacts with nuclear export
protein, named chromosome region maintenance 1 (CRM1),
and mediates nuclear export of the newly synthesized vRNPs
[170, 194]. The NS2/NEP is critical for the influenza virus
replication cycle [195]. NS3 protein is a novel protein of

the 8th gene segment of influenza virus that mutated from
the NS1 by 374A→G substitution encoding D125G during
improvement of the human virus adaptation to mice [196].
This protein has similar sequence to the NS1 but with internal
deletion of a motif coded by codons 126 to 168 [196]. The 8th
RNA segment of human, swine, and avian influenza viruses
may contain alternative open reading frames (ORFs) that
encode additional polypeptides besides the NS1, NEP, and
NS3 including NS4 [133], NEG8 (translated from either 167
or 216 codon on genomic/negative RNA strand) [197, 198],
and a 19 kDa negative-strand protein (NSP) where the ORF is
located in positive sense orientation in the negative-sense 8th
RNA segment [199].

3.3. Influenza Clinical Features. Human gets influenza
through different modes of viral transmission including
direct contact with the infected subjects, inhalation of the
virus-laden respiratory droplets from the infected subject
released out by coughing, sneezing, and/or talking, or by
fomites (contact with influenza virus contaminated objects
and transmit the virus to oral/nasal mucosa) [200]. Influenza
viruses in the nasopharynx are usually trapped by the
mucus which contains sialic acid-linked glycoproteins.
Neuraminidase (NA) plays role in facilitating the viral entry
to the epithelial cells lying underneath the mucus by cleaving
the sialic acids from the mucus glycoproteins to free the
mucus trapped-virus [201]. HA attachment to the receptor
allows cellular entry of the virus. Symptoms of influenza
usually appear after a period of about 24–48 hours. The
clinical signs include chill, fever, malaise, myalgia, fatigue,
headache, sore throat, cough, and stuffy or running nose. Not
all patients with flu have all of the clinical manifestations
[202]. Some patients may have also diarrhea and vomiting.
The flu symptoms tend to last for several days but usually
subside within two weeks. However, small children, elderly
(65 years or older), pregnant women, and people with
underlying chronic diseases such as allergic asthma and
chronic lung disease are at risk to severe complications
including primary viral pneumonia (uncommon) [201] and
secondary pneumonia caused by bacteria such as Staphy-
lococcus aureus, Haemophilus influenzae, and Streptococcus
pneumoniae [203].

3.4. Treatment of Influenza by Using Pharmacologic Drugs.
There have been only two families of FDA-approved direct
acting drugs for influenza treatment [204–206]. The first
drug family is blockers of polymeric M2-mediated ion-
channel activity. These drugs are derivatives of adaman-
tanes for oral administration including rimantadine and
amantadine. The M2 blockers are the first generation anti-
influenza drugs that aimed to prevent the endosomal exit of
the vRNP into cytoplasm. Another group of anti-influenza
drugs are neuraminidase inhibitors (NAIs), including oral
oseltamivir phosphate (which is commercially available
under the name Tamiflu), inhaled zanamivir (commercially
available as Relenza), laninamivir octanoate or CS-8958
(long-acting inhaledNAI) (commercially available as Inavir),
and parenteral peramivir for treatment of patients with IAV
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pdm09H1N1 infection [207]. The NAIs inhibit the release of
the virus progeny from the infected cells and the viral
spread [205, 206]. For high therapeutic effectiveness, the
anti-influenza drugs should be taken at the early phase of
the infection [206]. Currently, however, influenza viruses of
most, if not all, IAV subtypes as well as IBV become
resistant to the ion-channel blockersmainly byM2mutations
[208] leading to treatment failure [209, 210]. Resistance to
oseltamivir, zanamivir, and peramivir has emerged [211–
213]. This is by mutations in the NA molecule that cause
alteration of the shape of the NA catalytic site [207]. The
anti-influenza drugs also have toxicity and side effects [205].
Besides, their supply may not be able to cope with a high
demand at the disease upsurge. Sought of novel anti-influenza
agents that are safe and effective against multiple strains with
high tolerability to the viral mutations (antigenic drift or
shift) is an active area of investigation. These may be either
substances that target virus proteins or genes or molecules
that inhibit host factors essential for the viral replica-
tion [214]. Experimental compounds/substances and their
molecular mechanisms for future influenza treatment and
management have been reviewed elsewhere [214, 215].

3.5. Active Immunization against Influenza. Annual vaccina-
tion against influenza is recommended for general population
older than 6 months [206]. Seasonal influenza vaccines (flu
shots) may be trivalent (consisting of three strains, one
strain each of H1N1 and H3N2 and one IBV strain, usually
Yamagata lineage) or quadrivalent (four influenza strains, one
strain each of IAVH1N1 andH3N2 and one strain each of IBV
Yamagata and Victoria lineages) [120]. Virus strains in the
vaccines must be changed annually as the immunity induced
by the vaccines in the previous year confers inadequate, if
any, protection against the viruses of the following years due
to rapid antigenic drift of the circulating viruses. Usually
the World Health Organization (WHO) recommends the
viruses that are antigenically and genetically matched with
the causative viruses of the particular flu season for influenza
vaccine inclusion. For this instance, the WHO obtained
the antigenic and genetic data of the causative viruses
of a particular flu season from the WHO Collaborating
Centers of the Global Influenza Surveillance and Response
System (GISRS).The recommended candidate vaccine strains
are different also for northern and southern hemisphere
influenza seasons. Although the vaccination is the most
effective measure for intervention of the influenza virus
infection and severe clinical manifestations caused by IAV
and IBV [216], there are hurdles in production, use, and
efficacy of the seasonal influenza vaccines [217]. Influenza
vaccine viruses are propagated mostly in specific pathogen-
free 8–10-day-old embryonated eggs. Thus, not only the vac-
cines are contraindicated for the egg-allergic subjects, but also
the supply is limited at a high demand such as during large
epidemics. The vaccines also contain some ingredients that
might cause allergic reaction in the vaccinated subjects [218,
219]. Besides, small children, elderly, people with certain
medical conditions and immunocompromised individuals
which are the risk group to severe influenza complications
may not be well protected by the influenza vaccination [220].

New generation egg-independent vaccines such as animal cell
culture-based and DNA vaccines that induce broadly protec-
tive immunity against influenza are required [221, 222].There
is no vaccine for ICV infection.

4. Immunotherapy of
Influenza and Perspective

Antibodies have been used with high success in influenza
therapy [223–230]. Currently, investigations on human
monoclonal antibodies for passive immunization against
influenza have been a focus of intensive research.The effective
monoclonal antibodies should be important for both pre- and
postviral exposure for intervention of morbidity or reduction
of symptom severity as well as for treatment of severe
influenza, especially in the immunocompromised subjects or
infections with drug resistant viruses [18, 230]. Moreover, it
has been mentioned [18, 230] that it is feasible that passive
immunizationwith broadly effective antibodies implemented
early in an unprecedented/unpredicted influenza pandemic
should mitigate the health and economic impact caused
by the newly emerged virus when the vaccine against the
pandemic strain is not ready for wide distribution. The
monoclonal antibody products that are under clinical devel-
opment, challenges, and potential applications for passive
immunization against influenza have been reviewed else-
where [231, 232]. It is known that frequent mutations of
the surface-exposed proteins, particularly receptor binding
domain of influenza virus hemagglutinin, lead to reduction
or abrogation of affinity and efficacy of anti-hemagglutinin
antibody which is the principal protective antibody against
influenza. Therefore, the vaccine for active immunization as
well as the antibodies for passive immunization should target
the highly conserved epitopes of the virus proteins. Existing
data indicated that antibodies that bind to a conserved
region of the influenza virus surface-exposed proteins such
as membrane-proximal portion of hemagglutinin stalk or
ectodomain of M2 (anti-M2e, TCN-032) conferred broad
protection against various subtypes of IAV both in vitro
and in vivo challenges in mice, ferrets, and humans [232–
236]. Nevertheless, there has been an immunological concern
that the intact antibody molecule might mediate antibody-
dependent enhancement (ADE) of influenza virus infectivity
which potentially leads to aggravation of symptom severity if
used in treatment of patients with severe influenza [231, 237–
239]. Increased infection rates of pandemic influenza 2009
H1N1 have been found following seasonal flu vaccination
[240, 241]. Severely ill patients that were infected with the
pandemic H1N1 had concomitant immune complexes of
preexisting low avidity and nonprotective antibodies from
previous exposure to seasonal circulating influenza viruses
and fatal cases had complement product, C4d, in the lung
[242]. Piglets immunized with inactivated H1N2 virus had
enhanced severity upon challenged with pandemic H1N1
virus due to predominant nonprotective anti-HA stalk anti-
body [239].

The strategy that we are proposing for passive immu-
nization against influenza is the use of fully human single-
chain antibodies (HuscFvs) that target conserved regions of
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pivotal proteins of the influenza viruses including surface-
exposed, secreted, and internal proteins. The fully human
single-chain antibodies should be safe as they devoid of
the Fc portion; thus, they cannot cause ADE in the treated
subjects. Human scFv phage display library constructed in
our laboratory [56] has been used as a biological tool for
providing HuscFv display phage clones that bound to the
desired influenza virus targets. Recombinant influenza virus
proteins with the inherent functional activities or intact
virus adsorbed to cell surface were used as antigens in the
phage biopanning process [103, 104, 243–245]. The antigen
bound phages were then put in nonsuppressor E. coli that
could not produce tRNA for the stop codon located between
the antibody coding gene (huscfv) and the phage p3 gene.
These phage-transformed E. coli were grown in appropriate
medium to express soluble HuscFvs. The HuscFvs produced
by individual phage transformed E. coli clones were tested
for specific binding to the targets by appropriate immunoas-
says. DNA sequences coding for the HuscFvs of interest
and their complementarity determining regions (CDRs) and
immunoglobulin framework regions (FRs) were determined.
Computerized simulation by means of homology modeling
and intermolecular docking between the antibodies and the
modeled or existing three-dimensional (3D) structures of the
targets were used for guiding selection of the clones that
produced target-bound HuscFvs. For large scale production
of the HuscFvs, the HuscFv sequence in the phagemid was
subcloned into protein expression plasmids containing strong
promoters, such as that of bacteriophage T7.The recombinant
plasmids were then introduced into E. coli expression host.
These E. coli usually produce relatively high amounts of the
HuscFvs as inclusion bodies (IBs). The IBs can be isolated
from the bacterial homogenates and washed extensively to
eliminate as much as possible the host contaminants; then
the HuscFvs in the IBs were refolded [111]. The refolded
antibodies were retested for target binding and affinity.
Functional inhibition assays of the target molecules are then
performed before testing the fully human antibodies further
for protective activities.

Human scFvs that neutralize receptor binding activ-
ity of homologous and heterologous strains and clades of
highly pathogenic H5N1 were generated from phage clone
derived from panning with recombinant H5 of clade 1 virus
[243]. Therapeutic efficacies of the HuscFvs were tested
in a mouse model of influenza [243]. HuscFvs from one
of the E. coli clones readily rescued C57BL/6 mice from
lethal challenge with heterologous H5N1 [243]. HuscFvs that
bound to A/H5N1 M2 residues important for ion-channel
activity, macroautophagy, M1 binding, and amphipathic
helices-mediated viral budding and release were produced
[244]. The antibodies inhibited replication of heterologous
influenza viruses in the infected cell cultures [243] and
protected infected mice from lethal influenza (unpublished
data). Because NS1 is a multifunctional virulent factor that is
indispensable of the influenza virus replication cycle, we pro-
duced HuscFvs that bound to both recombinant and native
influenza virusNS1 [245]. HuscFvs of one phage-transformed
E. coli clone reacted with NS1 RNA binding (R) domain
important for host innate immune response suppression.

HuscFvs of two other clones bound to different sites of the
NS1 effector (E) domain; one of them docked on the NS1
site important for host elF4G1 protein binding while another
interacted with residues of NS1 that usually bind to host
CPSF30 protein for intervening host 3 end pre-mRNA pro-
cessing [245]. These HuscFvs not only inhibited replication
of influenza viruses across types and subtypes (H5N1 strains
isolated from duck and dog, swine H1N1, seasonal human
H1N1 isolated in Thailand, California H1N1, swine H3N2,
Perth H3N2, and Brisbane B strain), but also could restore
the host innate immune response by upregulating the IRF3
and IFN-𝛽 genes that had been suppressed by the infecting
influenza viruses [245]. Influenza virusM1 protein has several
pivotal roles in the influenza infectious cycle as mentioned
above; thus this protein is another attractive target of anti-
influenza agent. Each molecule of M1 contains 252 amino
acids which can be separated into N-terminal domain (ND;
residues 2–67), middle domain (MD; residues 91–158), and
C-terminal domain (CD) [246, 247]. HuscFvs specific to M1
were produced by using the human scFv phage display library
as the source of antibody genes [103]. HuscFv from one phage
transformed E. coli clone bound to recombinant and native
M1 of various A virus subtypes including highly pathogenic
avian influenza (HPAI) H5N1, H1N1, and H3N2, as well as
the less pathogenic H8N4 [103]. The antibody blocked native
M1 binding to RNA [103]. The HuscFv was developed into
a cell penetrable format (transbody) by linking the antibody
molecule to a cell penetrating peptide (CPP) [103]. The CPP-
HuscFv readily traversed across the plasma membrane and
bound to the M1 of the replicating virus in the infected
cells without causing any significant cytotoxicity [103]. The
transbody reduced the amounts of virus released from the
infected cells compared to the infected nontreated cells [103].
Because the middle domain of the M1 contains regions
that mediate multiple pivotal functions of the influenza
virus replication cycle, that is, nuclear localization signal
(NLS), NEP binding motif, RNA/RNP-binding site, tran-
scription inhibition motif, self-oligomerization domain, and
plasma membrane interactive site for assembly and budding
[161, 165, 166, 170, 246–251], we also produced cell penetrable
HuscFv (transbody) to the M1-MD [104]. This transbody
extricated mice from lethal infection with mouse adapted
HPAI H5N1 by mitigating symptom severity and reducing
lung histopathology of the treated infectedmice.We envision
that the fully human single-chain antibodies specific to the
influenza virus proteins have high potential for testing further
as another ramification of influenza therapeutic agents.

5. Conclusions

By means of contemporary technologies, antibodies that
are fully biocompatible to the human immune system (no
immunogenicity in the recipients) for a safe passive immu-
nization against infections and noninfectious diseases can be
generated in vitro without a prolonged in vivo immunization
process. In our laboratory, human single-chain antibodies
to different pivotal proteins of influenza virus that could
rescue infected mice from lethal challenge with influenza
viruses of different subtypes were produced. The antibodies
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are small and devoid of Fc portion; hence, they should
have high tissue penetrating ability and cannot cause ADE,
respectively. For targeting intracellular virus proteins, the
antibody fragments can bemade into a cell penetrable format
(transbodies) by linking themmolecularly to a nonimmuno-
genic, noncytotoxic cell penetrating peptide (CPP), such as
nonaarginine (R9) [111, 252]. The cell penetrating antibody,
term superantibody (coined byKöhler andPaul in 1998 [253])
can cross the membrane of all cells but get accumulated
intracellularly only where the target antigen is present. For
passive immunization against influenza which is an acute
infection, the ready-made antibody can be injected daily for
3-4 doses to mitigate the disease severity [242]; therefore,
in vivo longevity of the antibody fragments should be of
less concern than for treatment of chronic diseases, such as
cancers, HIV infection, or viral hepatitis. The potential limi-
tations and challenges during the development of these engi-
neered antibodies towards the therapeutic purpose, such as
up-scaling and proper refolding ability of the E. coli-derived-
HuscFvs, should be solved by changing the expression host
system to mammalian cells such as Chinese hamster ovarian
(CHO) cells which are the World Health Organization-
approved cells for large scale production of therapeutic
proteins [254].The recombinant small antibody fragments to
influenza proteins await preclinical and clinical trials towards
the application as a novel, broadly effective, and safe anti-
influenza agent.
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[13] G. Köhler and C. Milstein, “Continuous cultures of fused cells
secreting antibody of predefined specificity,” Nature, vol. 256,
no. 5517, pp. 495–497, 1975.

[14] W. Chaicumpa, W. Thin-Inta, S. Khusmith et al., “Detection
with monoclonal antibody of Salmonella typhi antigen 9 in
specimens from patients,” Journal of Clinical Microbiology, vol.
26, no. 9, pp. 1824–1830, 1988.

[15] W. Chaicumpa, P. Srimanote, Y. Sakolvaree et al., “Rapid
diagnosis of cholera caused by Vibrio cholerae O139,” Journal of
Clinical Microbiology, vol. 36, no. 12, pp. 3595–3600, 1998.

[16] P. Saengjaruk, W. Chaicumpa, G. Watt et al., “Diagnosis of
human leptospirosis by monoclonal antibody-based antigen
detection in urine,” Journal of Clinical Microbiology, vol. 40, no.
2, pp. 480–489, 2002.

[17] R. C. Mease, C. A. Foss, and M. G. Pomper, “PET imaging in
prostate cancer: focus on prostate-specific membrane antigen,”
Current Topics in Medicinal Chemistry, vol. 13, no. 8, pp. 951–
962, 2013.

[18] E. Sparrow, M. Friede, M. Sheikh, and S. Torvaldsen, “Thera-
peutic antibodies for infectious diseases,” Bulletin of the World
Health Organization, vol. 95, no. 3, pp. 235–237, 2017.

[19] B. W. Newsome and M. S. Ernstoff, “The clinical pharmacology
of therapeutic monoclonal antibodies in the treatment of
malignancy; have the magic bullets arrived?” British Journal of
Clinical Pharmacology, vol. 66, no. 1, pp. 6–19, 2008.

[20] P. C. Kung, G. Goldstein, E. L. Reinherz, and S. F. Schlossman,
“Monoclonal antibodies defining distinctive human T cell
surface antigens,” Science, vol. 206, no. 4416, pp. 347–349, 1979.

[21] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and P.
Walter,Molecular Biology of the Cell, Garland Science, London,
UK, 4th edition, 2002.



16 BioMed Research International

[22] J. J. Tjandra, L. Ramadi, and I. F. C. McKenzie, “Development
of human anti-murine antibody (HAMA) response in patients,”
Immunology & Cell Biology, vol. 68, no. 6, pp. 367–376, 1990.

[23] M. K. Moi, S. J. DeNardo, and C. F. Meares, “Stable bifunctional
chelates of metals used in radiotherapy,” Cancer Research, vol.
50, no. 3, pp. S789–S793, 1990.

[24] C. Pendley, A. Schantz, and C. Wagner, “Immunogenicity
of therapeutic monoclonal antibodies,” Current Opinion in
Molecular Therapeutics, vol. 5, no. 2, pp. 172–179, 2003.

[25] M. Stern and R. Herrmann, “Overview of monoclonal antibod-
ies in cancer therapy: present and promise,” Critical Review in
Oncology/Hematology, vol. 54, no. 1, pp. 11–29, 2005.

[26] S. L. Morrison, M. J. Johnson, L. A. Herzenberg, and V. T. Oi,
“Chimeric human antibody molecules: mouse antigen-binding
domains with human constant region domains,” Proceedings of
the National Acadamy of Sciences of the United States of America,
vol. 81, no. 21, pp. 6851–6855, 1984.

[27] A. F. LoBuglio, R. H. Wheeler, J. Trang et al., “Mouse/human
chimeric monoclonal antibody in man: kinetics and immune
response,” Proceedings of the National Acadamy of Sciences of the
United States of America, vol. 86, no. 11, pp. 4220–4224, 1989.
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