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Abstract

A conventional antibody is structurally featured with two heavy chains and two light ones. However, a simpler version
termed as heavy-chain antibody (HCAD), also naturally exists in the serum of peculiar animal such as camels and llamas.
HCAD contains a single heavy chain with one variable domain (VHH domain) and two constant domains (CH2 and CH3
domain). Interestingly, the fragment corresponding to single variable domain in HCADb can exist stably and work indepen-
dently (nanobody, Nb), something like an abbreviated HCAb. Its smaller molecular weight confers Nbs unique and promi-
nent merits including low possibility of eliciting undesirable immune response, strong tissue penetrability, high stability and
ease of production. In this review, after discussing the features of Nb, we systematically reviewed the most recent advances
in the wide applications of Nbs in the everlasting war against cancer. More emphasis is put on their applications as cancer
therapeutics agents (ligand blocker, receptor antagonist) and as components of cancer therapeutic bioconjugates (with
exotoxin, liposome, T-lymphocyte, or enzyme).

Keywords: Single-Domain Antibody; Immunogenicity; Penetrability and Stability; Therapeutic Anticancer Bioconjugates.

Abbreviations: CH: The constant domain in the heavy chain of antibodies (ot of heavy-chain antibodies); HCAb Heavy-
chain antibody; mAbs: Monoclonal antibodies; Nb: Nanobody; VH: The variable domain of the heavy chain of antibodies;
VHH: The variable domain of the heavy chain of heavy-chain antibodies; VL: The variable domain of the light chain of
antibodies.

Introduction

Kéhler and Milstein reported the hybridoma technology that
could be used to efficiently produce monoclonal by mouse in
1975 [1]. Similar to the concept of magic bullets imagined by
Paul Ehtlich at the beginning of the 20™ century [2], it has been
widely believed that such a molecule would be ideal for detection
and therapy. Indeed, mAbs-based therapy is one of the most
successful and important strategies for treating patients with
haematological malignancies or solid tumors. Currently, there are
six mAbs that have been approved for applications in cancer by
the Food and Drug Administration (FDA) of USA [3]. MAbs
have been selected for their high specificity and affinity to the
protein biomarkers related to cancer. Thanks to the acceptable
stability of mAbs, they are hailed as the right agent to be used
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as target molecules. However, such a “nice reagent” is inevitably
facing serious problems. The most pronounced one should be the
undesired immune response due to the intrinsic immunogenicity
resulted from their murine origin, frequently leading to the
rejection of immune system by the administrated patients.
Although humanization provides a hopeful possible solution
to the side-effect, it is also a time-and energy-consuming huge
task, because the conventional mAbs is really large. For the same
reason, the poor pharmacokinetics and weak tissue penetration
makes more than 80% of the administered mAbs typically useless
regarding the interaction with tumors [4]. The low efficacy of
mAbs in clinical practice renders the production expensive,
implying the deathly need for further improvement of mAbs in
cancer treatment.
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It is as urgent as the finding of therapy against cancer to discover
new antibodies that provide the same binding specificity and
affinity comparable to mAbs. Recently, some engineered smaller
recombinant fragments (e.g antigen-binding fragment, Fab,
~50 kDa; variable fragment, Fv, ~15 kDa; single-chain vatiable
fragment, ScFv, ~30 kDa), were extensively tested in the hope
of overcoming the drawbacks of the full-length mAbs [5, 0].
Nevertheless, their wide applications are severely limited due to
lower affinity, weak stability, production difficulty, vulnerability to
proteinase and the tendency to aggtregation.

By serendipity, a special type of naturally existing antibody was
discovered in animals from the Camelidae family by Hamers-
Casterman and coworkers in 1993 [7]. It is essentially a kind
of heavy-chain antibody (HCAD), which consists of one VHH
(variable domain, responsible for antigen binding), and two
constant domains (CH2 and CH3). Despite the absence of light
chain and the first constant domain (CH1), HCAbs can bind
to their antigens with similar affinity to that of conventional
antibodies [8]. More importantly, when the part corresponding
to VHH is independently cloned and expressed, a polypeptide
capable of binding antigen will be obtained (Figure 1). It provides
a great convenience in desirable antibody production. Since the
size of VHH antibody is at the scale of nanometer. (Diameter of
2.5 nm and height of 4 nm), VHH was renamed as nanobody (Nb)
[9, 10], or alternatively aliased single domain antibody (sdAb) [11].
Due to the wide adoption of the term nanobody, we use it though
out the text. So far, in addition to the DNA or RNA aptamers,
Nb is the smallest known functional antigen-binding fragment as
Table 1. In a wotd, in terms of functionality, Nb is morte than a
conventional antibody.

The Structural differences in VH and VHH

The crystal and solution structures [12-106] of several nanobodies
have been solved and saved in database. It is shown that their
scaffolds consist of two a-sheet structures similar to conventional
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mAbs [17]. The remarkably similar organization lies in the
variable domain of the H-chain (VH) of a mAb and that of
an HCAb (VHH) [18]. Nevertheless the VH and VHH contain
subtle but important differences that can explain the antigen-
binding capacity of the VHH in a single-domain format. Main
differences are in framework-2 (FR2) and in complementarity
determining regions (CDRs). Specifically, within FR2, four highly
conserved hydrophobic amino acids that normally participate in
the interaction with the VL domain [19] are replaced in a VHH by
four hydrophilic amino acids (Phe37, Glud4, Arg45, and Gly47)
[20-22] (Figure 2). Some experiments proved that a mouse VH
in absence of the VL partner is sticky (tends to aggtregates), but
the substitutions of FR2 to mimic the amino acids of camelid
VHH renders the camelized domain mote soluble [23]. Hence,
the substitutions of these amino acids are frequently used to
explain the increased solubility of Nbs. In VHH, the antigen is
recognized by only three loops instead of six loops; however, the
loops are longer in a VHH than in a VH of a conventional mAb.
In VHH, the antigen is recognized by only three loops instead
of six loops; however, the loops are longer in a VHH than in a
VH of a conventional mAb. It has been proposed that the VHH
paratope is enlarged by an extension of the CDR1, and especially
the CDR3 [24]. The CDR1 that normally involves residues 31-35
in all VH is entended to encompass residues 27-35 in camelid
VHH. The VHH-specific hypervariable residues 27-30, forming
the loop connecting the two B-sheets of the immunoglobulin fold,
are exposed to solvent. The average length of CDR3 observed in
human VH is 13 amino acids and around 18 in VHH |25, 20].
A longer CDR3 in Nb allows it to form a finger-like structure
capable of extending into cavities on target proteins, enabling
Nb to bind to unique epitope |27, 28]. The larger CDRs of the
VHH will widen the actual surface of the antigen binding site,
which might compensate for the absence of the antigen-binding
surface area provided by the VL domain. By contrast, the binding
interfaces of Fab-and other mAbs-derived fragments are flatter
and less flexible, rendering the interactions of mAbs and fragment
derivatives solely confining to the surface of antigens [29]. The

Figure 1. Procedure of preparing Nb.
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Tabel 1. A brief comparison between conventional mAb, heavy-chain antibody and nanobody.

“ o
Nb
Conventional mAb HCAb

M.W.(kDa) ~150 ~90 ~15

Stability Low High High
Solubility Insoluble Soluble Soluble

Immunogenicity High High Low
Tissue penetration Poor Poor Strong

Note: A Conventional mAb is heterotetramer, containing two light (I)) chains (VL. and CL. domains) and two heavy chains (VH, CH1,
hinge, CH2, CH3 domains). An HCAb comprises only heavy chains: each heavy chain contains a VH, hinge, CH2 and CH3 domain.
Nb is engineered antibody fragment with a VHH.

Figure 2. The sequence organization of the VH and VHH [32].
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Frameworks and CDRs are schematically represented at the top of this panel. The hallmark amino acids in framework-2 within the
VHH are given, as well as the inter-CDRs disulfide bond occurring in the dromedary VHH. Below is the folded structure of the VH
(left) and VHH domain (right with its four B-stranded sheets (back) and the five 3-stranded sheets in front). The hallmark VHH resi-

dues in framework-2 are shown as the square.

prolate (rugby ball—shaped) structure of the VHH domain forms
a convex paratope surface, which makes it extremely suitable to
insert into a cavity on the surface of the antigen [30]. The small
size of the Nb allows the epitope recognition even when the
target proteins are densely packed [31]. Compared with the VH,
many VHH sequences contain a known interloop disulfide bond
from an extra pair of cysteine residues in the CDR1 and CDR3,
helping to improve stability by restricting the flexibility of the
loops in Nb when an antigen is absent.

Characteristics of Nbs

Common mAbs have many vital features, such as high affinity and
specificity to a target molecule (protein or other molecule), high
sensitivity and low inherent toxicity. In addition to these merits,
Nbs uniquely possesses other technological and biophysical
advantages that enable them to outperform conventional
counterpart in several facets.

Low Immunogenicity
The majority of mAbs are produced with a mutine origination,

and they are not perfectly compatible with the human immune
system, thus restricts their biological efficacy. By contrast, Nbs

tested to date do not show any intolerable level of immunogenicity
in preclinical and clinical settings. This is not surprising when the
facts that about 90% frameworks are identical with human VH
domains, and that additional engineering is usually performed
to further humanize the Nbs for use in the clinic, are taken into
account. Now, a strategy has been developed to humanize the 12
out of a total of 14 amino acids that differ in human VH and
camelid VHH [33].

Strong Tissue Penetrability

Poor tissue penetrability inherent to mAbs is a serious obstacle to
the further development of antibody therapeutics, in particulat,
for immunotherapy of solid tumors [34]|. Although 85% of
human cancers involve solid tumors, only 3 out of 10 mAbs
approved in the US for cancer therapy ate directly targeting
antigens highly expressed on the surface of solid tumors (Vectibix
and Erbitux targeting EGF and Herceptin targeting Her2) [35].
This disproportion reflects the difficulty in reaching an effective
concentration of antibodies in solid tumors due to the poor tissue
penetrability of conventional mass. Nbs have been great potential
to overcome this problem because of the smaller size. In addition,
rapid clearance from the blood also requires great penetrating
power as a plausible feature for desired clinic utilization.
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Easy Expression

While the production of recombinant conventional mAbs is often
hampered by aggregation and reduced affinity from mispairing of
the VH and VL domains in mammals, production of multivalent
Nbs is straightforward; the lack of necessary post-translational
modifications allows the production of Nbs in bacteria or yeast
[36]. Nbs can be expressed with microbial expression systems such
as Escherichia coli, Saccharomyces cerevisiae, Pichia pastoris and filamentous
fungi. Microbial expression promise an obvious advantage and
possibility for the extensive use of Nbs because the average cost
is 2-3 fold less compated with mammalian expression system.
A high yield of 250 mg/L in expression of the binding domain
(VHH) in §. cerevisiae at shaking flask scale has been reported [37].

The Strategies of Using Nb in the Fighting
against Cancers

Targeted therapy of cancer requires the drug to reach the site of
disease in the body rapidly, and promise a minimum of damage to
normal tissue. At present, a variety of antibody drugs have been
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studied for the treatment of cancer. However, these antibodies
are large protein, making it is difficult to penetrate into tumor
cells. Their complicated structures also make it rather difficult
and expensive to produce. However, Nbs are advantageous in this
aspect. Therefore, it is not surprising to see that Nbs are more
suitable for treatment in tumors than other antibodies as Table 2.

Nbs as Antagonists for Cancer Therapy

A significant feature of Nb technology is the versatility of the
system in enabling the production of a wide vatiety of Nbs
with specificity to different targets. For example: there are two
possible strategies to inhibit growth of tumor: using Nbs as
ligand blockers or antagonists of the receptor. The anti-ligand
Nbs can be efficiently used only when a single ligand is involved
in the signaling of the corresponding receptor. For instance, while
EGFR can be activated by different ligands, the hepatocyte growth
factor (HGF) is the only known ligand for the HGF receptor, i.c.
c-Met [46] (Figure 3A).

Table 2. Studies of nanobodies targeting tumor antigens.

Target Application Source Reference
HIF-1a Tumor Targeting Non-immune llama [38]
CXCR4 Antiproliferation Immune llamas [39]
CD105 Tumor Targeting Immune camels [40]
hnRNP-K Antimetastatic Randomized [41]
HER-2/ Cancer immunotherapy Immune camels [42]
neu
CEACAMG Immunostaining Non-immune llamas [43]
CEA Cancer immunotherapy Immune camel [44]
and tumor targeting
VLA-3 Cell-matrix adhesion Immune llama [45]
inhibition

Figure 3. Schematic diagram showing the applications of Nbs in cancer therapy.
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Nb as a Ligand Blocker

Hepatocyte growth factor (HGF) is a plasminogen-like protein
that is secreted by mesenchymal cells as single inactive peptides
and c-Met is the tyrosine kinase receptor of HGE HGF-c-Met
signaling is involved in many human malignancies. In tumor
cells where HGF and c-Met are overexpressed, the enhanced
signaling can trigger tumorogenesis and angiogenesis, and thus
can prevent apoptosis, which all contribute to the outgrowth of
tumors [47]. Onartuzumab, a monovalent antibody against c-Met,
which has been shown to significantly improve both progression-
free survival and overall survival in c-Met-positive patients with
NSCLC when used in combination with the epidermal growth
factor receptor (EGFR) inhibitor etlotinib [48]. Notably, Tobias
et al. examined the anticancer effects of the anti-c-Met Nb (from
Ablynx NV) 7 vitro using human multiple myeloma (MM) as a
model system. This novel drug showed high specificity and potency
for blocking HGF-c-Met signaling in human myeloma cell lines,
and completely blocked HGF induced thymidine incorporation,
migration, and adhesion in multiple myeloma cell lines, reversing
the HGF-induced inhibition of osteoblastogenesis. They also
compared the Nb with anti-c-Met mAbs and revealed the similar
or better effect. So the applicability of anti-c-Met Nb can be a
valuable novel treatment option for MM and other cancers driven
by HGF-c-Met signaling [49].

Nb as a Receptor Antagonist

Epidermal growth factor receptor (EGFR) is deemed to be one
of the main molecular targets for treatment of cancer. It has been
identified that EGFR involves in pathogenesis of some forms
of human cancers. Although Anti-EGFR mAbs have shown very
impressive results at the preclinical level, results have not always
live up to the expectations in the clinic, which is only partly due to
the difficulties in assessing EGFR expressions status in patients
[50]. Oliveira et al. described the use of functional screening
of antibody phage library using competitive elution with the
ligand EGF to develop antagonistic anti-EGFR Nbs for cancer
therapy (Figure 3B). In an 7 viro murine xenograft model, the
Nbs were effective in delaying the outgrowth of A431-derived
solid tumours. The identified antibody fragments were found to
efficiently inhibit binding of EGF to the EGFR without acting
as receptor agonists themselves. In addition, they blocked EGF-
mediated signaling and EGF-induced cell proliferation [51].

Nbs-based Bioconjugate for Cancer Therapy

The strict monomer structure and small size of Nbs provide the
significant convenience in making multiple functions conjugates
with other partners. The design of fusion constructs of Nbs and
other functional modules provides a strategy for the development
of novel cancer therapeutics (Figure 3C).

Nb-exotoxin Conjugates in Tumor Targeting

Angiogenesis plays a crucial role in the growth, invasion and
metastasis of cancer. Vascular endothelial growth factor receptor
2 (VEGFR2) is such a significant target that is overexpressed
in tumor vasculature compared with the endothelium cells
of resting blood vessels. Blocking of its signaling can inhibit
neovascularization and tumor metastasis. Immunotoxins represent
a promising group of targeted therapeutics to combat tumors
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[52]. Behdani et al. fused a VEGFR2-specific Nb to the truncated
form of Pseudomonas exotoxin A and evaluated its ability to bind
the VEGFR2 on the cell surface. They demonstrated that the
immunotoxin inhibited the proliferation of VEGFR2-expressing
cells 7 vitro [53]. This finding provided a novel strategy for tumor
therapy.

Nb-liposome Conjugates for Cancer Therapy

Different targeting moieties have been grafted to liposomes’
surface [54]; therefore, liposomes can be successfully employed
as a carrier system for a vatiety of molecules. Oliveira et al. tested
a new multivalent platform, which consisted of polyethylene
glycol (PEG) -liposomes coupled to Nb that recognized the
ectodomain of EGFR (EGal). They investigated EGFR
internalization and down-regulation of this system iz vitro and in
vive, and they found that EGal-L induced a significant inhibition
of tumor cell proliferation 7 vitro due to the effect likely mediated
by the combination of receptor down-regulation and receptor
antagonism. Also an i vivo down-regulation of EGFR was
observed in tumors of mice intravenously injected with EGal-L,
indicating that this multivalent platform blocks ligand binding to
the receptor and simultaneously initiated the regulation [53]

Nb-T lymphocyte Conjugates against the Cancer

T lymphocyte (or T cell) plays many key roles in controlling and
combating cancers. Tumor cells deploy a variety of immune-
evasion strategies to escape elimination by T cells. To circumvent
this problem, genetic engineering of T cells was used to generate
the supernatural T cells (T-body) which express chimeric antigen
receptor (CAR) and possess attractive capabilities. CARs are
typically composed of an extracellular antibody recognition
domain specific to tumor antigen, a transmembrane and
intracellular signaling domains linked by a hinge region [56-
58]. Nb with desirable characteristics was utilized to generate
engineered T cell [59]. Rahbatizadeh et al. used the anti-MUCI1
(a type I transmembrane protein, significantly overexpressed and
aberrantly glycosylated in tumors of epithelial origin) Nb gene as
an antigen binding fragment in an Nb-T lymphocyte conjugate
for cancer therapy [60]. The results showed that this T-body
specifically targeted tumor cells, and the strategy has broad
prospects for cancer therapy.

Nb-enzyme Conjugates for Cancer Therapy

Carcinoembryonic antigen (CEA) is highly expressed on cancer
cells of epithelial origin, such as colorectal, lung, breast, and
ovarian carcinoma [61]. Itis not expressed in other cells of the body
except for low-level expression in gastrointestinal tissue, which
makes it an attractive target for tumor therapy. Recently, Cortez-
Retamozo and co-workers identified an Nb with sub-nanomolar
affinity to the human tumor-associated carcinoembryonic antigen.
When the Nb was conjugated to lactamase from Enterobacter
cloacae, and its capacity in site-selectively activating anticancer
prodrug was evaluated. The conjugate was readily purified in
high yields without aggregation or loss of functionality of each
constituent. Iz vitro experiments showed that, the Nb—enzyme
conjugate can effectively activate the release of phenylenediamine
mustard from the cephalosporin nitrogen mustard prodrug
(7-(4-carboxybutanamido) cephalosporin mustard), at the surface
of carcinoembryonic antigen-expressing LS174T cancer cells.
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