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Abstract: Worldwide, cancer is a serious health concern due to the increasing rates of incidence and
mortality. Conventional cancer imaging, diagnosis and treatment practices continue to substantially
contribute to the fight against cancer. However, these practices do have some risks, adverse effects
and limitations, which can affect patient outcomes. Although antibodies have been developed,
successfully used and proven beneficial in various oncology practices, the use of antibodies also comes
with certain challenges and limitations (large in size, poor tumor penetration, high immunogenicity
and a long half-life). Therefore, it is vital to develop new ways to visualize, diagnose and treat
cancer. Nanobodies are novel antigen-binding fragments that possess many advantageous properties
(small in size, low immunogenicity and a short half-life). Thus, the use of nanobodies in cancer
practices may overcome the challenges experienced with using traditional antibodies. In this review,
we discuss (1) the challenges with antibody usage and the superior qualities of nanobodies; (2) the
use of antibodies and nanobodies in cancer imaging, diagnosis, drug delivery and therapy (surgery,
radiotherapy, chemotherapy and immunotherapy); and (3) the potential improvements in oncology
practices due to the use of nanobodies as compared to antibodies.
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1. Cancer

Cancer is a complex disease, which is characterized by uncontrolled cell growth, the
dysregulation of apoptosis, invasion, angiogenesis and metastasis [1,2]. Unfortunately,
cancer incidence and mortality rates are drastically increasing [1]. Globally, there were
approximately 18 million (mil) new cancer cases in 2018, and the cancer burden is expected
to increase to 29–37 mil new cases by 2040 [1,3]. Commonly diagnosed cancers include
lung, female breast, colorectal and prostate cancer [1,3]. Worldwide, cancer is responsible
for one in six fatalities [1]. In 2018, 9.6 mil cancer patients succumbed to the disease, with
lung cancer being responsible for round 18.4% of cancer-associated deaths [1,3].

The most prevalent malignancies in children (<15 years) are leukemias, lymphomas
and brain and nervous system cancers, whereas in older patients (15–59 years), it is breast,
liver and lung cancers [4,5]. In men and women (0–74 years), the risk of developing cancer
is 22.4 and 18.2%, respectively [4,6]. The highest risk is for lung, breast, prostate and
colorectal cancer [4,6]. The most commonly diagnosed cancers in men are lung (1.37 mil)
and prostate (1.28 mil) cancers, whereas in women, it is breast (2.09 mil) and lung (0.72 mil)
cancers [4,6]. In men and women (0–74 years), the risk of cancer mortality is 12.7 and
8.7%, respectively [4,6]. Pancreatic, lung, liver and intrahepatic bile duct cancers have the
highest mortality rates, whereas thyroid, prostate and bladder cancers have a lower death
rate [4,6]. Cancer is a serious health concern; therefore, the development of new techniques
to visualize, diagnose and treat cancer is imperative.
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2. Antibodies

In humans, antibodies (Abs)/immunoglobulins (Igs: example IgG) are produced by
the immune system as a defense against foreign bodies [7]. Abs have complex and highly
conserved structures comprising of two identical heavy and two identical light chains,
which are linked by disulfide bonds as well as non-covalent interactions [7]. The antigen-
binding site contains three loops within the variable heavy (VH) domain and three variable
loops within the variable light (VL) domain [7]. For decades, Abs have been generated
and used in systemic cancer therapy to inhibit growth factors or receptors that contribute
to cancer progression [7]. The three mechanisms that Abs use to target cancer cells are
destruction by immune cells, changes in biological processes and the delivery of cytotoxic
agents [7].

Although Abs have been beneficial in visualizing, diagnosing and treating cancer,
there are several limitations with the use of Abs [7]. Firstly, high levels of immunogenicity
(Table 1) decrease the efficacy of Abs. In patients, murine Abs stimulate an immuno-
genic response resulting in human anti-mouse Ab production, which neutralizes the Abs’
function by targeting murine idiotopes [7]. In an attempt to decrease immunogenicity,
chimeric Abs were developed [7]. These Abs contain human heavy and light chain regions
as well as murine variable domains [7]. Chimeric Abs also stimulate an immunogenic
response that generates human anti-chimeric Abs [7]. However, the immunogenicity of
chimeric Abs (30%) is much lower than that of murine Abs (50–75%) [7]. Additionally, the
antigen-binding VH and VL loops can be grafted into a human IgG Ab to further decrease
immunogenicity [7].

Table 1. A comparison between conventional antibodies and nanobodies.

Antibody Nanobody

High immunogenicity levels Low immunogenicity levels

Large size (150 kDa) Small size (12–14 kDa)

Long half-life Short half-life

Limited tumor penetration Deep tumor penetration

CDR3 length is average CDR3 length is long

Antigen-interacting surface is flat with limited flexibility Finger-like structure for antigen interaction

Fragile High stability

Prone to degradation, changes in temperature and pH Resistant to degradation. Tolerant to temperature, pressure and
pH changes

Expensive large-scale production Inexpensive large-scale production

Mammalian expression Microbial expression

Complex structure and post-translational modifications Simple structure and lack of post-translational modifications

Easily formatted into various constructs

Engineered to suit treatment

The large size of conventional Abs (150 kDa and 14.2 nm × 8.2 nm × 3.8 nm dimen-
sions) restricts its penetration into tumor tissue (Table 1) [7,8]. Previous in vivo studies have
demonstrated that in one gram of solid tumor, there is approximately 0.001–0.01% of the in-
jected Ab present, indicating the low level of penetration [7]. Additionally, poor penetration
may be due to high affinity Abs binding strongly to the first antigen encountered [7].

Conventional Abs are fragile (Table 1), which limits treatment administration to intra-
venous or subcutaneous injections [7]. Moreover, due to the Abs’ complex structure and
post-translational modifications, they are mostly expressed in mammalian cells; therefore,
large-scale production is expensive (Table 1) [7].
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In an attempt to overcome the limitations of monoclonal Abs (mAbs), the antigen-
binding fragment (Fab, ~50 kDa), variable fragment (Fv, ~15 kDa) and single-chain Fv
(scFv, ~30 kDa) were developed [8,9]. In comparison to mAbs, mAb-derived fragments
are smaller in size, cleared faster and possess improved penetration capabilities [9,10].
However, the disadvantages of these fragments include decreased stability, moderate or
decreased affinity, shorter serum half-life, challenges in large scale production, suboptimal
tumor targeting and significant accumulation in healthy tissues (in vivo) [8–10]. Therefore,
in an attempt to combine the beneficial characteristics of mAbs and mAb-derived fragments,
diabodies (55 kDa) and minibodies (80 kDa) were developed [10].

The structure of the Abs’ VH domain includes complementarity-determining regions
(CDRs) [7]. CDR1 and CDR2 contribute to the binding strength, while CDR3 contributes to
antigen recognition as well as specificity [7]. The length of CDRs is a contributing factor
to the antigen-interacting surface [7,8]. In Abs, the CDR3 of VH is an average length of
12 or 14 amino acids (Table 1) [7]. Thus, the antigen-interacting surface of mAbs and Ab
fragments is more flat and less flexible, which restricts their interaction with the antigen
surface (Table 1) [8].

Taken together, the various Ab limitations indicate a need for the development of new
and alternative options that are safe and more efficient than Abs [7].

3. Nanobodies

Previously, functional heavy chain-only Abs were discovered in the serum of camelids [7].
In comparison to conventional Abs, heavy chain-only Abs lack light chains as well as the
first constant CH1 domain; therefore, these Abs are smaller in size (95 kDa) [7,11]. Nanobod-
ies (Nbs) are novel antigen-binding fragments (ABFs), which are produced from camelid
heavy chain-only Abs [7]. These Nbs lack the heavy chain and comprise only the vari-
able antigen-binding domain (VHH); thus, Nbs (12–14 kDa and 4 nm × 2.5 nm × 3 nm
dimensions) are smaller in size than Abs [7,11]. Currently, Nbs are the smallest natu-
rally occurring ABF that has complete binding potential [7]. The advantages of Nbs
include its natural origin, reduced size, low toxicity, improved safety, water solubility, high
sensitivity, stability (Table 1), antigen-binding potential and strong affinity for the target
antigen [7]. Additionally, the Nbs’ physical properties include a prolonged shelf life (+4 ◦C
and −20 ◦C), resistance to proteolytic degradation, tolerance to elevated temperatures
(60–80 ◦C), increased pressure (500–750 MPa), pH changes (pH range 3.0–9.0) (Table 1)
and chemical denaturants, therefore preserving the antigen-binding capacity [7]. In terms
of immunogenicity, Nbs and the VH of human Ig (family III) have a sequence identity
greater than 80%, indicating the low immunogenic profile of Nbs (Table 1) [7,10]. The low
immunogenicity in humans allows for repeated treatment cycles [10].

Due to their small size, Nbs can penetrate deeper into tumor tissue, but Nbs also
have a short half-life (Table 1), which can be a disadvantage [11]. However, Nbs can be
engineered to prolong their half-life (<2 h to a few weeks) and to suit the treatment (acute
or chronic) (Table 1) [12]. Additionally, Tijink et al. (2008) indicated that the Nbs’ half-life
may be prolonged by fusing the Nb to an anti-albumin unit (αAlb) [13].

For effective therapy, the ideal size range for Nbs is 5–200 nm, as this may decrease
elimination by renal clearance (<5 nm) as well as decrease capture by the liver and spleen
reticuloendothelial system (>200 nm) [7]. This size range also allows Nbs to pass through
the pores (50–200 nm) between endothelial cells, which may improve penetration [7].

In comparison to Abs, Nbs have a longer CDR3 length, which is highly involved in
antigen recognition and specificity [7,8]. A longer CDR3 length allows the formation of
a finger-like structure, which is able to extend into the target protein cavities and bind
to unique epitopes (Table 1) [8]. Therefore, Nbs may have a higher level of interaction,
recognition and specificity to the target antigen.

Upon antigen binding, the Abs’ Fc domain may stimulate Ab-dependent cellular
cytotoxicity and complement-dependent cytotoxicity, which have vital roles in tumor
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eradication [8]. However, Nbs lack an Fc domain and are unable to trigger cytotoxicity;
therefore, Nbs have been fused to an Fc domain [8].

Owing to their monomeric structure and lack of post-translational modifications,
Nbs may be expressed in microbial organisms and produced in sufficient quantities, thus
manufacturing costs are low while availability is high (Table 1) [7]. In addition, their
monomeric structure allows Nbs to be easily formatted into different constructs (multi-
valent, biparatopic and bispecific molecules) (Table 1) [10,12]. A multivalent format has
multiple Nbs with identical binding sites for one antigen, whereas a biparatopic format has
two Nbs that bind to two different epitopes on one antigen [12]. In comparison to mAbs
and bivalent mAb fragments, monovalent Nbs have a lower avidity [10]. The production
of bivalent Nbs may increase avidity without dampening the beneficial pharmacokinetics
and targeting capacities of Nbs [10]. Previously, bivalent Nbs have demonstrated increased
avidity to their specific antigen, which improves Nb retention in target tissues [14]. The
bispecific format has Nbs that bind to two different antigens [12]. In comparison to con-
ventional Abs, these formats allow the use of Nbs in various therapeutic applications [12].
Nbs can be used as an intrabody (modulating, tracing and visualizing antigens), biomarker
probes (non-invasive imaging agents) and therapeutic agents (neutralizing, receptor-ligand
antagonists and effector delivery/drug therapy) [11].

Taken together, Nbs offer many beneficial properties that can greatly impact or enhance
oncology practices [7].

4. Antibodies versus Nanobodies in Oncology Practices

The most common types of cancer treatments are chemotherapy, radiotherapy and
surgery [15]. Chemotherapy is a systemic treatment able to treat cancer throughout the
body, whereas surgery and radiotherapy are local treatments directed at a specific area
of the body [16]. The interdisciplinary field of nanomedicine uses nanoparticles in the
prevention, diagnosis and treatment of diseases at a molecular level [7]. Nanomedicine
aims to develop imaging/visualization and therapeutic agents that increase efficacy and
safety whilst simultaneously decreasing toxicity [7]. The term nanodiagnostics describes
the use of devices with nanometer measurements for the detection of molecular events [7].
These molecular events may be used to identify and monitor diseases at an early stage [7].
Nanotherapy refers to utilizing nanoparticles to deliver drugs, as well as a treatment in
order to combat diseases [7].

Current oncology practices have several limitations (high background noise, com-
pound half-life, retention in non-target tissues, late stage diagnosis, adverse effects of
treatments and low drug solubility and delivery) that translate into insufficient clinical
outcomes [7]. Nanoparticles have various beneficial properties that may overcome these
limitations and enhance cancer imaging, diagnosis and treatment, ultimately improving
clinical outcomes [7].

4.1. Molecular Imaging

Cancer can be visualized using single-photon emission computed tomography (SPECT),
positron emission tomography (PET), computed tomography (CT), ultrasounds and optical
imaging [8,11]. Abs and Nbs may be linked to radionuclides, positron-emitting radioiso-
topes and near-infrared fluorophores [11]. Radionuclides (99-mTechnetium (99mTc), 177-
lutetium (177Lu), 123-iodine (123I) and 11-iodine (11I)) are used in SPECT imaging, whereas
positron-emitting radioisotopes (68-gallium (68Ga), 124-iodine (124I), zirconium-89 (89Zr)
and fluor-18 (18F)) are used in PET imaging [11].

The interaction between programmed cell death-1 (PD-1: an immune checkpoint
receptor) and its ligand PD-L1 negatively regulates T-cell responses [17]. In order to escape
destruction, cancer cells increase PD-1 signaling by expressing PD-L1 [17]. In PD-L1-
expressing tumors, a 111-indium (111In) radiolabeled PD-L1.3.1 mAb (111In-PD-L1.3.1)
was shown to efficiently accumulate and allow the non-invasive imaging of tumors by
SPECT/CT (in vivo) as early as day 1 post injection (p.i.) [18]. Chatterjee et al. (2016) also
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produced a radiolabeled 111In-PD-L1-mAb that specifically binds to tumor cells (in vitro
and in vivo) and allows the detection of PD-L1-expressing tumors by SPECT/CT imag-
ing [19]. However, the images were acquired over 1–5 days (Table 2) and there was
radioactivity accumulation in healthy organs (lungs, liver, spleen and kidneys) [19].

Table 2. A comparison between antibodies and nanobodies in molecular imaging, diagnosis
and surgery.

Antibody Nanobody

Slow and non-specific tumor accumulation Rapid and specific tumor accumulation

Slow imaging time (1–6 days) Rapid imaging time (1–3 h)

Increased background-to-tumor ratio High tumor-to-background ratio

Slow clearance Rapid clearance

Less accurate visualization of tumor,
metastasized lesions and tumor boarders

More accurate visualization of tumor,
metastasized lesions and tumor boarders

Mesothelin is a glycoprotein that is greatly expressed in ovarian cancers and pan-
creatic adenocarcinomas [20]. It may be involved in many processes, such as cancer
cell survival, proliferation, metastasis, invasion, tumorigenesis and chemoresistance [20].
Kobayashi et al. (2015) labeled an anti-mesothelin mAb (11–25 mAb) with 64-copper
(64Cu) and demonstrated its high accumulation in mesothelin-expressing tumors compared
to mesothelin-negative tumors as well as its potential to detect mesothelin-expressing
pancreatic cancers by PET imaging (in vivo) [20].

The epidermal growth factor receptor (EGFR) has been implicated in a number of
epithelial cancers (breast, lung and brain cancers) and has a role in cell growth, survival and
migration [21,22]. The anti-EGFR Ab cetuximab was labeled with 89Zr, and 89Zr-cetuximab
was shown to be taken up by tumors as well as visualized by PET imaging in advanced
colorectal cancer patients [23]. However, there was a high accumulation of 89Zr-cetuximab
in the normal liver, images were taken over a period of 6 days p.i., and the sixth day
p.i. was the optimal scanning time point (Table 2) [23]. This may indicate that it takes
6 days for 89Zr-cetuximab to sufficiently accumulate in tumors and for an optimal image
to be captured. In esophageal squamous cell carcinoma (ESCC), 64Cu-cetuximab was
shown to be useful in detecting EGFR-expressing tumors using PET imaging; however,
64Cu-cetuximab tumor accumulation only peaked at 48 hours (h), indicating that a desired
image was produced 2 days later [24].

Although Abs have shown promising results, the utilization of Abs in molecular
imaging is challenging due to their large size and long serum half-life, which limits tumor
penetration and increases the background-to-tumor ratio (Table 2) [9]. Moreover, capturing
a desired image using radiolabeled mAbs takes a number of days [10]. The challenges
with mAb probes may be solved by developing smaller mAb fragments; however, mAb
fragments have mostly shown low stability, slow clearance and suboptimal tumor targeting
and uptake into healthy tissues [10].

However, Nbs are ideal probes due to their various properties [8]. Nbs are stable,
specific, homogenously distributed, able to rapidly accumulate in tumors, bind strongly to
targets and are efficiently cleared from blood, which results in high tumor-to-background
ratios (Table 2) [8,11]. Additionally, Nbs are easily conjugated to imaging agents [11].

Nuclear imaging utilizes various radionuclides and radioisotopes to visualize can-
cer [8]. Nbs have been produced to target cancer cell biomarkers (EGFR, human epidermal
growth factor receptor 2 (HER-2) and prostate-specific membrane antigen (PSMA)) for
nuclear imaging [25–27]. At peak time points, the absolute tumor uptake values of 99mTc-
labeled Nbs were lower than those of mAbs; however, Nbs produced a higher (10-fold)
specific contrast [10].

Previously, HER-2 overexpression has been shown in various cancer types (breast,
ovarian and colorectal cancers) and it has been related to an increased probability of
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cancer recurrence and aggressive tumor growth as well as poor clinical outcomes [26,28,29].
In breast cancer, SPECT imaging was used to determine the biodistribution and tumor
targeting of a 99mTc-labeled anti-HER-2 Nb (2Rs15d) [26]. Moreover, in mice bearing
subcutaneous A431 xenografts, the biodistribution and tumor targeting of 99mTc-labeled
anti-EGFR Nbs were investigated by pinhole SPECT/Micro-CT [25]. Notably, both the
99mTc-2Rs15d and 99mTc-EGFR Nbs demonstrated high tumor uptake and rapid blood
clearance but also a high renal uptake (Table 3) [25,26].

In prostate cancer, PSMA is overexpressed, which is related to castration-resistant
prostate and decreased androgen-receptor expression as well as a poor prognosis [27,30].
Evazalipour et al. (2014) evaluated the tumor targeting of radiolabeled PSMA Nbs in
LNCaP (PSMA+)- and PC3 (PSMA−)-xenografted mice using SPECT/Micro-CT [27]. The
99mTc-PSMA30 Nb demonstrated high absolute tumor uptake, high tumor-to-normal organ
ratios (Table 3) and specific binding to LNCAP cells instead of PC3 cells, indicating the
potential to visualize prostate cancer (Table 2) [27].

The transmembrane glycoprotein macrophage mannose receptor (MMR) is expressed
on macrophages and plays a role in tumor growth, metastasis and immune suppression [10].
Previously, 99mTc-labeled anti-MMR Nbs were produced for non-invasive imaging of tumor-
associated macrophages (TAM) and was shown to successfully target as well as image
TAM subpopulations in vivo (Table 3) [14].

Multiple myeloma (MM) is a hematological cancer of plasma cells and is characterized
by monoclonal protein (M protein) production [10]. In patients, the M protein is secreted
into the bloodstream and associates with the MM cell surface [10]. The 5T2 MM model
resembles human MM (clinically and biologically), and 5T2 MM cells produce a paratope of
the M protein [31]. Nbs were produced against this paratope of the M protein [31]. The anti-
5T2MM-idiotype Nb (R3B23) was labeled with 99mTc and allowed the imaging of 5T2 MM
cancer progression by SPECT/Micro-CT [31]. Additionally, in minimal residual disease,
these Nbs are capable of monitoring the progression of the disease in vivo (Table 3) [31].

In comparison to SPECT, clinical PET offers higher image resolution and quantita-
tive properties; therefore, the development of PET tracers may be beneficial [10]. PET
radioisotopes are favorable due to Nbs having a short half-life and can be effective in tumor
detection/imaging [10,32]. Thus, an anti-EGFR Nb [32] and an anti-HER-2 Nb (2Rs15d) [29]
were radiolabeled with 68Ga. In nude mice bearing A431 xenografts, the 68Ga-EGFR-Nb
showed a high tumor uptake as well as high tumor-to-normal tissue ratios (Table 3) [32].
In HER-2+ tumors, 68Ga-NOTA-2Rs15d showed fast, specific uptake and high tumor-to-
blood ratios, leading to high-specific contrast PET/CT images with no observed toxicity
(Table 3) [29].

Ultrasound waves can be used for tumor imaging [11]. Microbubbles (µBs) are small
gas-filled particles able to scatter ultrasound and are used as contrast agents [33]. Nbs can
be coupled with µBs to form targeted µBs, which may improve specificity and contrast [33].
In cancer, vascular cell adhesion molecule-1 (VCAM-1) has been associated with tumor
angiogenesis and metastasis [34]. Hernot et al. (2012) produced µBs coupled with an anti-
VCAM-1 Nb (µB-cAbVCAM1-5) and demonstrated the imaging of µB-cAbVCAM1-5 in
MC38 tumor-bearing mice using a contrast-specific ultrasound imaging mode (Table 3) [33].
The ultrasound image was used to measure the echo intensity in the region of interest
(tumor), and the µB-cAbVCAM1-5 resulted in an increase in the signal [33]. Additionally,
Fan et al. (2015) produced ultrasonic nanobubbles (nBs) coupled with anti-PSMA Nbs to
image prostate cancer (Table 3) [35]. Using ultrasound imaging, the anti-PSMA nBs were
shown to target PSMA+ cells and animal xenografts (LNCaP, C4-2 and MKN45) [35].

Optical tumor imaging involves conjugating Abs or Nbs to near-infrared dyes (NIR)
or fluorophores (IRDye800CW) [11]. An example of the use of Abs in optical imaging is
the anti-PD-L1-mAb. In human tumor xenografts, the NIR-PD-L1-mAb conjugate was
shown to specifically bind to tumors and allow the detection of PD-L1-expressing tumors
by optical imaging (in vivo) [19].
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During hypoxic conditions, anti-carbonic anhydrase IX (CAIX) is upregulated and
can be used to target tumor cells [36]. Van Brussel et al. (2015) produced an anti-CAIX Nb,
conjugated it to IRDye800CW and demonstrated the use of the anti-CAIX Nb-IRDye800CW
conjugate in the imaging of pre-invasive breast cancer (Table 3) [36]. An anti-EGFR Nb
(7D12) was also conjugated to IRDye800CW, and, in a mouse model, the 7D12-IRDye800CW
conjugate was shown to clearly image orthotopic tongue tumors as well as cervical lymph
node metastases (Table 3) [37].

Previously, Oliveria et al. (2012) conjugated 7D12 and cetuximab to IRDye800CW [38].
In mice bearing A431 human tumor xenografts, the tumor uptake of 7D12-IRDye800CW
was significantly higher than that of cetuximab-IRDye800CW [38]. Additionally, tumors
were rapidly and clearly visualized following 7D12-IRDye800CW administration (30 min
p.i.), whereas tumor visualization following cetuximab-IRDye800CW administration re-
quired much more time (Table 2) [38].

Taken together, Nbs have shown vast potential in the molecular imaging of cancer
and may be more efficient than Abs.

4.2. Diagnosis

Combining a therapeutic compound with a diagnostic radiotracer and conducting a
diagnostic scan allows the visualization of the compound accumulation in cancer cells [10].
Radiolabeled Nbs can be useful in identifying specific tumor-associated biomarkers, which
can assist in cancer diagnosis and in determining the appropriate treatment [10]. Nbs dif-
fuse quickly into tissue and specifically accumulate in target tissues (minimal accumulation
in non-target tissues), which results in the rapid production of high-contrast SPECT or
PET images (1–3 h), therefore allowing early patient diagnosis (Table 2) [10]. Additionally,
radiolabeled Nbs can be used for a whole body scan that detects a specific biomarker in
primary tumors and metastasized lesions [10]. In comparison to blind biopsies (standard
oncology practice), a scan of the entire body may provide extensive information on the
presence of malignant cells/tissues throughout the patient [10]. Notably, diagnostic scans
aid in estimating dosage, monitoring treatment responses, evaluating treatment efficiency
and anticipating the adverse effects of treatments [10]. Xing et al. (2019) generated a 99mTc-
labeled anti-PD-L1 single-domain Ab (sdAb) (NM-01) and demonstrated its imaging and
diagnostic potential using SPECT/CT [39]. In non-small cell lung cancer (NSCLC) patients,
molecular imaging using 99mTc-NM-01 was considered a safe diagnostic procedure that
allowed the imaging of PD-L1-expressing cells without causing any adverse effects [39].
Additionally, in PD-L1-positive cancer patients, 99mTc-NM-01 SPECT/CT imaging can
potentially monitor PD-L1 expression, which will aid in the diagnosing and staging of
patients (Table 3) [39].

4.3. Surgery

In 2015, approximately 80% of new cancer cases required surgery [40]. Worldwide,
about 45 mil surgical procedures will be required by 2030; however, a small percentage of
cancer patients are able to receive safe, inexpensive and well-timed surgery [40]. Surgery
is a fundamental treatment option used to prevent, diagnose and cure cancer [40]. Ad-
ditionally, surgery is used for palliative care and cosmesis [40]. Preventive surgery aims
to remove tissue that is susceptible to carcinogenesis, while diagnostic techniques are
important in determining the appropriate treatment and management of cancer [40]. In
the attempt to cure cancer patients, surgery (minor or major) is vital, always needed and
greatly effects patient outcomes [40]. Resection and reconstructive surgery is important for
palliative care and improving cosmesis, respectively [40]. In 2030, surgery will be required
by approximately 80% of the estimated 21.6 mil new cancer cases [40]. A promising use of
Nbs in surgery is imaging-guided surgery [11]. Previously, the anti-HER-2 Ab trastuzumab
was dual labeled with 111In and IRDye800CW [41]. Deken et al. (2019) demonstrated
that in orthotopic HER-2+ BT474 tumors, 111In-DTPA-trastuzumab-IRDye800CW specif-
ically accumulated as well as allowed the visualization of tumors by micro-SPECT/CT
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and fluorescence imaging [41]. Additionally, the dual-labeled trastuzumab enabled the
image-guided resection of tumors [41].

Kijanka et al. (2013) conjugated an anti-HER-2 Nb (11A4) to IRDye800CW and demon-
strated that 11A4-IRDye800CW increased tumor accumulation and tumor-to-background
ratios as compared to trastuzumab-IRDye800CW in human xenograft breast cancer models
(Table 2) [42]. Additionally, 11A4-IRDye800CW was used in image-guided surgery for the
removal of SKBR3 tumors in mice (Table 3) [42].

Both Abs and Nbs have showed potential in image-guided surgery. However, Nbs
may be the better option due to the high tumor-to-background ratios as well as high and
rapid tumor accumulation, which may allow a more precise visualization of the tumor
borders for resection (Table 2).

4.4. Radiotherapy

Radiation therapy remains an important and highly cost-effective cancer treatment [43].
It is administered to about 50% of cancer patients and contributes to curative treatment by
approximately 40% [43]. Radiotherapy aims to expose malignant cells to the maximum ra-
diation dose while minimally exposing normal cells [43]. Radiation damages DNA, which
may block cell proliferation and induce cell death [43]. Fortunately, healthy cells are able to
quickly repair themselves, survive and function normally [43]. However, cancer cells are
less efficient at repairing themselves, which results in their destruction [43]. Radiotherapy
can be used in combination with surgery, chemotherapy and immunotherapy [43]. For
example, radiation used before surgery aims to reduce tumor size, whereas radiation used
after surgery aims to destroy the remaining microscopic tumor cells [43]. The delivery
of radiation to cancerous cells may be carried out externally or internally [43]. The most
common radiation delivery method is exposing the tumor location (target area) to an
external high-energy X-ray beam [10,43]. Internal radiation is delivered by radioactive
sources, directly into the tumor location [43]. Although radiotherapy is beneficial, there are
several adverse effects, for example, oral mucositis, hepatotoxicity and nephrotoxicity [44].

Targeted radionuclide therapy (TRNT) can be used to deliver radiation to malignant
cells while minimally effecting healthy cells [10]. There are two types of TRNT agents:
(1) those that naturally accumulate in malignant tissues (131-iodine—(131I), 131I-MIBG and
89-strontium (89Sr) chloride) and (2) those that target tumor-associated antigens expressed
on the cell surface [10]. Linear energy transfer (LET) is defined as the energy (radiation)
released over a certain distance [10]. At a particular absorbed dose, cytotoxicity is greater
at high LET as compared to low LET radiation [10]. TRNT has been investigated using
β-emitting radioisotopes (yttrium-90 (90Y), 131I and 177Lu) that have a low LET and α-
emitting radioisotopes (212-bismuth (212Bi), 225-actinium (225Ac)) that have a high LET
value [10]. Low LET radiation induces limited ionization and DNA damage, whereas high
LET induces clusters of DNA damage [10]. The α-emitting radioisotopes are ideal for
treating small cell burdens as they have a short path length; therefore, energy is deposited
to a few cells [10]. The Food and Drug Administration (FDA) approved the first α-emitting
radioactive agent 223-radium (223Ra) chloride for castration-resistant prostate cancer as
well as symptomatic bone metastases in 2013 [10].

Radioimmunotherapy (RIT) is a term used to describe the use of mAbs to transport
toxic radiation to a specific location [10]. TRNT has been studied using mAbs, for example,
177Lu-trastuzumab and 177Lu-cetuximab [10]. Rasaneh et al. (2010) demonstrated the
high cytotoxicity of 177Lu-trastuzumab in HER-2-expressing cells [45]. Notably, 177Lu-
trastuzumab induced a fivefold higher level of toxicity than the unlabeled trastuzumab [45].
In ESCC, 177Lu-cetuximab was shown to inhibit tumor growth [24], demonstrating its
potential in RIT.

Lymphomas are highly radiosensitive; therefore, an effective treatment requires a low
absorbed dose [10]. CD20 is expressed in 90% of B-cell non-Hodgkin’s lymphoma [46].
Previously, radiolabeled anti-CD20 mAbs (90Y-ibritumomab tiuxetan and 131I-tositumomab)
was approved by the FDA for low-grade B-cell non-Hodgkin’s lymphoma treatment [10].
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Notably, 80% of patients have been shown to respond to anti-CD20 RIT [10]. Blood-borne
cancers respond positively to RIT; however, epithelial tumors (colorectal, breast, prostate,
ovarian and pancreatic tumors) have shown limited success [10]. This can be explained by
epithelial-derived carcinomas being less radiosensitive, thus requiring a higher absorbed
dose [10].

The dose reaching the tumor decreases as the tumor radius increases; therefore, RIT is
more suitable for metastatic cancer [10]. In colorectal cancer patients with liver metastases,
radiolabeled anti-carcinoembryonic antigen Ab (131I-labetuzumab) treatment seemed to
improve overall survival and five-year survival, suggesting the potential of RIT as an
adjuvant therapy in metastatic disease [47]. In glioblastoma multiforme, conventional
therapies (radio and chemo) are not effective due to the high doses being toxic to healthy
brain tissue [10,48]. After surgery, the administration of radiolabeled anti-tenascin mAb
81C6 directly into the resection cavity resulted in an overall survival of 64 weeks as
compared to 52 weeks for conventional therapies [48].

In large carcinomas, the mAb pharmacokinetic properties may limit RIT success [10].
Due to the large mAb size and physiological barriers, a small percentage of injected mAb
penetrates into the tumor, while a higher percentage of mAb remains in the blood and
accumulates in other tissues [10]. The mAb affinity affects tumor penetration; thus, high-
affinity mAbs remain in the perivascular region, while lower affinity mAbs penetrate
deeper [10]. However, leaky vasculature and lymph drainage impairment result in a
greater accumulation of mAbs in tumors as compared to smaller molecules [10]. Moreover,
the prolonged blood residence time (BRT) of mAbs may increase toxicity in healthy tissues
and decrease radioactivity accumulation in tumor tissues [10]. In RIT, murine mAbs are
often used instead of humanized mAbs in order to decrease BRT [10]. Due to the weaker
interaction between murine mAbs and human Fc receptors, murine mAbs are cleared faster,
thus decreasing BRT [10]. However, the use of murine mAbs leads to human anti-murine
Ab production, which limits repeated dosing [10]. To increase tumor penetration as well as
fasten blood and healthy tissue clearance, mAb-derived fragments have been developed;
however, the fragments have disadvantages (as stated earlier) [10]. Diabodies (55 kDa) and
minibodies (80 kDa) have shown potential in TRNT [10].

Nbs possess many characteristics (as mentioned earlier) that may be beneficial in
RIT [7]. A camelid sdAb fragment and rituximab (anti-CD20 Ab) were radiolabeled with
177Lu for targeted therapy [46]. Despite the fact that 177Lu-DTPA-rituximab delivered
more radiation to the tumor than 177Lu-DTPA-sdAb-9079, 177Lu-DTPA-sdAb-9079 was
shown to be as effective as the 177Lu-DTPA-rituximab treatment in mice (similar median
survival) [46]. However, 177Lu-DTPA-sdAb 9079 delivered low levels of radiation to
healthy organs (except the kidneys) (Figure 1 and Table 3), whereas 177Lu-DTPA-rituximab
delivered much higher radiation doses to healthy organs (blood, bone and spleen) [46].
More recently, Dekempeneer et al. (2020) labeled an HER-2 Nb (2Rs15d) with 213-bismuth
(213Bi) and demonstrated its high tumor uptake, low healthy tissue uptake and increased
median survival in mice (Table 3) [49].

Radiolabeled Nbs are characterized by increased renal clearance leading to moderate
absolute tumor uptake and high renal accumulation (limiting factor), which affects TRNT
efficiency [10]. Producing bivalent or multivalent Nb constructs as well as elevating
the hydrodynamic radius of molecular vectors may aid in increasing absolute tumor
uptake [10]. Previously, the fusion of an albumin-binding domain (ABD) to a bivalent
anti-EGFR Nb increased BRT and tumor uptake while decreasing renal retention [13].
In A431 tumor-xenografted mice, tumor-to-kidney ratios were higher for the bivalent
anti-EGFR Nb fused to an ABD compared to the bivalent anti-EGFR Nb [13]. However,
the albumin-binding affinity can increase radiation exposure to healthy tissues as well as
extend BRT [10].
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Figure 1. The potential of nanobody’s in radioimmunotherapy.

In the renal tubuli, the charge-based interactions between proteins and the me-
galin/cubuilin system result in the renal retention of small proteins [10]. The kidney
retention of Nbs is mostly due to the polar residues in the Nbs’ C-terminal amino acid
sequence [50]. Studies have indicated that the renal retention of Nbs can be decreased by ad-
justing the Nb C-terminal sequence (Figure 1) [10]. Adjustments in the C-terminal sequence
may be achieved by co-administration with gelofusine and/or positively charged amino
acids [10]. In CD-1 mice, the co-administration of a gelofusine and L-lysine decreased renal
uptake and improved the tumor uptake of a 99mTc-labeled anti-EGFR Nb (7C12) [51]. In
comparison to Nbs with a highly charged C-terminal amino acid tag (Myc-His-tagged),
the administration of untagged 177Lu-labeled anti-HER-2 Nb (2Rs15d) co-infused with
gelofusine resulted in a decrease in renal retention (95%) while retaining tumor-targeting
capacity [50]. In HER-2+ SKOV3 tumor-xenografted mice, TRNT was performed using
the untagged 177Lu-DTPA-2Rs15d co-infused with gelofusine [50]. Notably, the dosimetry
calculations demonstrated that the doses delivered to the tumor and kidneys were higher
than the doses delivered to healthy tissues (Table 3) [50]. In comparison to the untagged
177Lu-DTPA-2Rs15d, the 177Lu-DTPA-trastuzumab delivered six times more radiation to
the tumor; however, it also delivered a very high (26–4180-fold) radioactivity burden to
healthy organs [50]. In mice bearing small established HER-2 + tumors, Nb-based TRNT
resulted in a tumor growth blockade and a substantial event-free survival (Table 3) as
compared to the control groups [50]. Kidney samples revealed no evidence of renal inflam-
mation and cell death; however, signs of toxicity in kidneys should be investigated beyond
6 months, as kidneys are late-response tissues [50].

In RIT, mAbs strongly target the tumor; however, an elevated radiation dose is de-
livered to heathy tissues [10]. Therefore, the administration of a lower radiolabeled mAb
concentration is needed to limit the toxicity to healthy tissues, which results in a lower
radioactive dose reaching the tumor [10].

In micro-metastatic and minimal residual disease, Nb-based TRNT will be useful due
to the Nbs’ capacity to deliver radiation to specific targets [10]. Combining a Nb and an
α-emitter may specifically deliver increased toxicity to micro-metastasized cancer cells,
while minimally affecting healthy cells [10]. In comparison to mAbs, Nbs have enhanced
tumor penetration, which will aid in treating solid tumors [10]. However, the impact of
Nb-based TRNT in treating solid tumors requires further research [10].

4.5. Drug Delivery

Abs can target specific tumor antigens; thus, conjugates comprising an Ab and a
drug have been produced to deliver cytotoxic drugs/agents to antigen-expressing cells
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and to enhance the drug/agents’ therapeutic index [28]. Trastuzumab has been shown
to inhibit HER-2 signaling and induce Ab-dependent cellular cytotoxicity [28]. Previ-
ously, trastuzumab has been conjugated to the cytotoxic agent DM1 (T-DM1) in order to
specifically target HER-2-expressing cells [52]. In HER-2+ tumor models, T-DM1 admin-
istration led to selective and specific anti-tumor effects [52]. In addition, T-DM1 resulted
in mild toxicity and significant clinical activity in HER-2+ metastatic breast cancer pa-
tients [28]. Inhibitors of topoisomerase I induce DNA breaks and apoptotic cell death [53].
Ogitani et al. (2016) conjugated an anti-HER-2 Ab to a topoisomerase I inhibitor (DS-8201a)
and demonstrated the potent anti-tumor activity of DS-8201a in HER-2+ models [53].

Immunotoxins are made up of an Ab linked to a toxin, and they specifically target
tumor cells for destruction [54]. The immunotoxin moxetumomab pasudotox was pro-
duced by combining the anti-CD22 mAb Fv fragment with a Pseudomonas exotoxin A
fragment [55]. Kreitman et al. (2012) demonstrated that in chemotherapy-resistant hairy
cell leukemia, moxetumomab pasudotox administration led to high overall response rates
as well as complete remission in 46% of patients [56].

Nbs can be used to deliver cargo (toxins/drugs) specifically to tumors, which will
decrease the side effects and toxicity to normal cells [11]. Abs have an Fc tail that leads to Fc-
mediated clearance or triggers an immune response, which may inhibit cargo delivery [11].
In comparison to conventional Abs, Nbs lack an Fc tail, which is an advantage in drug
delivery [11].

Immunotoxins have also been generated using Nbs. Previously, vascular endothelial
growth factor receptor-2 (VEGFR2) was shown to be overexpressed and dysregulated in
various cancers (lung, colon and breast cancers) [8]. VEGFR2 is involved in stimulating
tumor angiogenesis and outgrowth [8]. Behdani et al. (2013) produced an immunotoxin by
linking a truncated form of Pseudomonas exotoxin A (PE38) to an anti-VEGFR2 Nb and
showed the immunotoxin was able to inhibit the proliferation of VEGFR2-expressing cells
(Table 3) [54]. Moreover, an anti-EGFR Nb-cucurmosin immunotoxin was shown to inhibit
the cell viability of EGFR-expressing tumor cell lines as well as induce HepG2 and A549
apoptosis (Table 3) [57]. More recently, Zhang et al. (2020) demonstrated that a bispecific
anti-EGFR-Nb-cucurmosin immunotoxin selectively kills cancer cells through apoptosis
(Table 3) [58]. Cao et al. (2020) produced three anti-HER-2 immunotoxins by linking
anti-HER-2 sdAb to the PE24X7 toxin [59]. The use of sdAb allowed these immunotoxins
to be efficiently expressed, highly soluble and stable [59]. The anti-HER-2-PE24X7 immuno-
toxins showed high selectivity and cytotoxicity in HER-2+ tumor cells [59]. Additionally,
tumor growth was efficiently inhibited by one anti-HER2-PE24X7 immunotoxin in vivo
(Table 3) [59]. These studies demonstrate the potential of combining Nbs with toxins for
the treatment of tumors [58,59].

Nbs have been used to encapsulate drugs, which improves solubility, stability and
the rate of clearance [11]. There are various Nb carriers, including liposomes, micelles,
albumin-based nanoparticles (NANAPs) and polymer-based polymersomes/polyplexes
(Figure 2) [11]. The PEGylation process may be performed on these carries, and this process
extends blood half-life [11]. At the end of the PEG block, maleimidyl groups and polymer
chains enable Nb conjugation to the carriers [11]. The conjugation of Nbs on these carriers
allows for selective targeting [11]. Liposomes are located on lipid bilayers and encourage
the intracellular delivery of drugs, whereas micelles and NANAPs have a hydrophobic
core that allows for drug encapsulation [11]. Synthetic polymer-based particles include
polymersomes [11]. Nb carriers are used to protect healthy tissues from drugs/toxins
administered systemically, increase the solubilization of hydrophobic drugs, and increase
the drug concentration in one dose, subsequently decreasing the number of repetitive
doses [8].
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Figure 2. The potential of nanobodies in drug delivery.

For example, Oliveira et al. (2010) conjugated an anti-EGFR Nb (EGa1) to liposomes
(EGa1-L) and demonstrated that EGa1-L decreased EGFR levels on the cell membrane due
to receptor internalization as well as mediated EGFR sequestration resulting in receptor
degradation [60]. Additionally, EGa1-L was shown to inhibit tumor cell proliferation
(in vitro) and downregulate EGFR (in vivo) (Table 3) [60]. Notably, an anti-EGFR scFv-
liposome conjugate was unable to produce a downregulatory effect [60].

The insulin-like growth factor 1 receptor (IGF-1R) kinase inhibitor (AG538) was
encapsulated in EGa1-decorated liposomes [61]. The AG538-loaded EGa1 Nb-liposomes
lead to efficient intracellular AG538 delivery, an EGFR blockade, IGF-1R stimulation and
the inhibition of tumor cell proliferation (Table 3) [61].

Previously, polymeric micelles were decorated with the EGa1 Nb and labeled with
rhodamine [62]. The results demonstrated that in A431 and UM-SCC-14C cancer cells
(EGFR overexpressing), there was high binding and uptake of the rhodamine-labeled
EGa1-micelles through interaction with the EGF receptor [62]. In addition, EGa1 Nb
polymeric-micelles inhibited tumor growth (in vivo) (Table 3) [63].

The epithelial cells of various organs express the c-Met receptor during embryogenesis
as well as adulthood [12]. The activation of c-Met in tumor cells stimulates various
signaling pathways, which results in cell growth, invasion, metastasis and the evasion
of apoptosis [12]. Heukers et al. (2014) produced anti-Met Nbs conjugated to NANAPs
(anti-Met-NANAPs) [64]. The results revealed that in Met-expressing cells, there was
binding, uptake and lysosomal degradation of anti-Met NANAPs. In addition, anti-Met
NANAPs downregulated total Met protein in tumor cells (Table 3) [64].

Altintas et al. (2013) encapsulated multikinase inhibitor 17,864 in Ega1-coated NANAPs
and demonstrated that the particles were internalized and digested, that the kinase in-
hibitor was released in the cell, and the proliferation of cancer cells was decreased (in vitro)
(Table 3) [65].

Taken together, Nbs have been shown to be beneficial in drug delivery.

4.6. Chemotherapy

Chemotherapy is described as the chemical treatment of disease [15]. The treatment
of cancer using chemotherapeutic drugs began in the 1930s [15]. Chemical agents/drugs
are used to destroy rapidly growing cancerous cells [15]. Importantly, chemotherapeutic
drugs are aimed to attack a greater proportion of cancer cells than normal cells; however,
a larger number of healthy cells are affected [66]. Although chemotherapy is mostly
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beneficial, there are adverse effects, including fatigue, hypersensitivity, gastrointestinal
tract (nausea, vomiting, mucositis, diarrhea and constipation), hematological (anemia),
neurological (cognitive impairments, neuropathy and neurotoxicity), hepatic, and renal
(renal dysfunction) effects, and the risk of cardiovascular disease [67]. Chemotherapeutic
drugs can be conjugated to an Ab/Nb in order to increase the drugs’ tumor specificity and
protect healthy tissues from drug toxicity.

Ding et al. (2019) demonstrated the use of trastuzumab (Tra)-decorated polymer-
somes (Ps) for the targeted delivery of epirubicin hydrochloride (EPI·HCL) to HER-2+
SKOV-3 ovarian tumors [68]. The EPI·HCL-loaded Tra-Ps (Tra-Ps-EPI) was able to deliver
substantial amounts of EPI·HCL to cells, which induced a higher level of cytotoxicity
than non-targeted Ps-EPI (in vitro) [68]. Additionally, in SKOV-3 ovarian tumor-bearing
nude mice, Tra-Ps-EPI demonstrated deep tumor penetration and a greater tumor growth
inhibition than that of free EPI·HCL as well as non-targeted Ps-EPI [68]. Another example
is in EGFR-overexpressed cell lines, doxorubicin loaded in cetuximab–DNA conjugates
was shown to induce a greater level of cytotoxicity than that of free doxorubicin [69].

Nbs have also been used to transport chemotherapeutic drugs, for example, EGFR
and PSMA Nbs. Previously, Talelli et al. (2013) encapsulated doxorubicin in EGa1 Nb
polymeric-micelles and demonstrated that doxorubicin-EGa1-Nb polymeric-micelles more
effectively inhibited tumor growth (Table 3) than EGa1-Nb polymeric-micelles [63]. More
recently, Rosenfeld et al. (2020) isolated anti-PSMA Nbs and conjugated an anti-PSMA
Nb (NB7) to doxorubicin [30]. The NB7-doxorubicin conjugate was shown to accumulate
in PSMA+ tumors and specifically internalize in PSMA+ cells, leading to doxorubicin-
induced cytotoxic activity (Table 3) [30]. Although the NB7-doxorubicin conjugate dosage
was extremely lower than the doxorubicin dosage, the Nb conjugate induced a similar
level of tumor growth inhibition (in vivo) as that of doxorubicin [30]. This demonstrates
the high efficacy of the NB7-doxorubicin conjugate at a low dosage [30]. Additionally, a
low dosage may decrease the exposure of healthy tissues to drug toxicity.

Although both Abs and Nbs have been investigated as drug carriers and have shown
positive results, the properties of Nbs may allow Nbs to be more effective than Abs. For
example, the specificity and fast clearance of Nb drug carriers may allow for a substantial
reduction in drug toxicity to healthy tissues.

4.7. Immunotherapy

Cancer immunotherapy began in 1908 after the immune systems’ role in surveilling
and eradicating cancerous cells was postulated by Paul Ehrlich [70]. Thereafter, studies
conducted by William Coley indicated the efficacy of the immune system to combat
tumors [70]. The ability of the immune system to identify and eliminate tumor cells can lead
to cancer remission [70]. Immunotherapy aims to treat cancer by activating and enhancing
the body’s anti-cancer immune responses as well as combining the immune defense with
external therapy (chemo, radio and surgery) in order to maximize treatment efficiency [70].
There are various immunotherapeutic strategies to combat cancer (Figure 3) [70].

The process of cancer immune editing involves the elimination, equilibrium and
escape stages [70,71]. During elimination, tumor development is inhibited by immune
surveillance, which identifies and destroys transformed cells [70,72]. Equilibrium refers to
the coexistence of an aggressive environment due to an immune response and continuous
tumor cell proliferation [70]. This prevents increased tumor size; however, it eventually
promotes the development of cells capable of evading immune surveillance [70,73]. In
the “escape” stage, malignant cells proliferate uncontrollably and evade the immune
system as well as cell death, ultimately metastasizing to other body parts [70,73]. Cancer
immunotherapy strategies attempt to enhance immune responses that target cancer as well
as encourage elimination while avoiding equilibrium and escape [70].
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Figure 3. Immunotherapeutic strategies for cancer.

Cancer vaccines are aimed at stimulating/restoring the immune response, delaying
tumor growth and shrinking tumor size; thus, vaccines can be used in the prevention
and treatment of cancer [70,74]. Adjuvants aid in the modulation and enhancement of
immune responses [70]. In active cancer immunotherapy (the stimulation of the host’s
defense system), adjuvants in combination with vaccines increase antigen-specific reactions
and improve efficacy [70]. Another cancer immunotherapy approach is ACT, which
utilizes tumor-infiltrating lymphocytes (TILs) or T-cells with chimeric antigen receptors
(CARs) [70]. This involves the isolation of specific cell populations from a resected tumor of
one patient [70]. The TILs with the highest cancer cell affinity are isolated and grown [70].
Thereafter, these TILs are injected into the patient, usually along with interleukin (IL)-2, in
an attempt to eradicate the tumor and overcome immune-suppressive signals [70].

Previously, an anti-CD33 scFv was used to produce CAR T-cells that target CD33
(CART33) [75]. In acute myeloid leukemia (AML) xenografts, CART33 therapy eradicated
leukemia and prolonged disease-free survival [75]. However, CART33 treatment also lead
to hematopoietic toxicity, peripheral blood cytopenia and decreased myeloid progenitor,
which suggests toxicity due to permanently expressed CD33-CAR T-cells [75]. Therefore,
an mRNA anti-CD33 CAR that is expressed for a short period of time was generated to
decrease the potential toxicity [75].

High CD38 expression is a characteristic of MM [76]. An et al. (2018) produced a
CD38-CAR using an anti-CD38 Nb [76]. The CD38-CAR T-cells specifically and efficiently
lysed CD38+ MM cell lines and inhibited tumor growth in NOD/SCID mice (Table 3) [76].
Notably, the CD38-CAR T-cells showed low cytotoxicity in LP-1 cells (CD38 knocked
out) and K562 cells (did not express CD38) as well as the CD38+ fractions of T-cells and
B-cells [76].

Passive immunotherapy is divided into two categories: specific (an immune response
to a certain tumor antigen) and non-specific (a general immune response) strategies [70]. It
involves the initiation of host immune responses by the injection of externally produced
components (Abs and cytokines) [70].

Cytokines (e.g., interferon gamma (IFN-γ) and ILs) are commonly used in cancer
immunotherapy due to their wide range of anti-tumor activity, such as stimulating im-
mune effector cells, increasing tumor cell recognition and activating cytotoxic cells [70,77].
However, certain cytokines, for instance, transforming growth factor beta (TGF-β) and
IL-10, are immuno-suppressive; thus, studies are aimed at neutralizing these cytokines [70].

In advanced tumors, TGF-β overexpression was correlated with metastasis and a poor
prognosis [78]. Previously, in preclinical models, TGF-β antagonism led to the prevention
of metastasis without inducing a high level of toxicity [78]. Nam et al. (2008) reported
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that an anti-TGF-β Ab (1D11) suppressed metastasis and activated CD8-mediated anti-
tumor immunity in a 4T1 breast cancer model [78]. Nbs can be generated against specific
epitopes involved in the protein–receptor interaction, which may improve specificity and
inhibitory function. Henry et al. (2016) produced sdAbs against a specific TGF-β3 epitope
that is present at the site of the cytokine: receptor interaction [79]. The TGF-β3 sdAbs
were shown to neutralize TGF-β3 (in vitro) and block the TGF-β3–receptor interaction
(Table 3) [79]. In malignant conditions, these TGF-β3 sdAbs may be beneficial as a cancer
immunotherapy [79].

Chemokines and chemokine receptors are overexpressed in a number of tumors
and have roles in proliferation, metastasis and angiogenesis [80]. The chemokine receptor,
CXCR7, has been shown to be overexpressed in various tumors (breast, lung, prostate, brain
and kidney tumors) and may induce proliferation as well as angiogenesis [80]. In tumor
models, conventional Abs have been used to inhibit CXCR7 and demonstrated promising
effects [80]. Maussand et al. (2013) produced CXCR7 Nbs that inhibited tumor growth in a
CXCR7-expressing head and neck cancer xenograft model (Table 3) [80]. Additionally, in
these cancer cells, cell cycle progression was not inhibited, whereas CXCL1 (angiogenic
chemokine) secretion was decreased by CXCR7 Nbs (in vitro) [80].

mAbs bind to specific overexpressed tumor antigens and stimulate the patient’s im-
mune system, which results in inflammation and tumor cell destruction [70,81]. Under
homeostatic conditions, immune checkpoints have essential roles in the maintenance of
self-tolerance and the protection of host healthy tissues from damage that may occur during
an immune response to a foreign substance (cancer antigens) [82]. The immune check-
points include cytotoxic T lymphocyte-associated protein-4 (CTLA-4), programmed cell
death-1 (PD-1), lymphocyte activated gene-3 (LAG-3), T-cell immunoglobulin and mucin-3
(TIM-3) and T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif
domain (TIGIT). Malignant cells exploit the immune checkpoints in order to obtain immune
resistance, escape destruction and survive [82]. Therefore, extensive research has been
conducted on immune checkpoint blockades.

Upon stimulation through T-cell receptor (TCR) engagement, CTLA-4 moves to the
cell surface and mediates the inhibition of T-cell proliferation and activation [17]. In animal
models, a CTLA-4-blocking Ab was shown to strongly regress established tumors that
lead to the clinical evaluation of immune checkpoint blockades [17]. In 2000, clinical
trials involving ipilimumab and tremelimumab (anti-CTLA-4 Abs) began; however, strong
tumor regressions were uncommon and certain toxicities (enterocolitis and inflammatory
hepatitis) were experienced [17]. The use of immune suppressive drugs (corticosteroids)
is able to treat these symptoms/toxicities without affecting anti-tumor activity [17]. The
most evident clinical response to the CTLA-4 blockade (ipilimumab and tremelimumab)
was seen in advanced metastatic melanoma patients [17,83,84]. More recently, in metastatic
urothelial carcinoma patients, tremelimumab treatment showed clinical activity and anti-
tumor responses [85]. Due to the minimal response rate and toxicities related to the CTLA-4
blockade, further research is required [17]. Wan et al. (2018) isolated an anti-CTLA-4 Nb 16
(Nb16) and demonstrated that Nb16 decreased melanoma growth and prolonged survival
time in B16 melanoma-bearing C57BL/6 mice (Table 3) [86]. Another Nb against CTLA-4
(Nb16) was designed by Tang et al. (2019) [87]. In DC/HepG2-fused cells, Nb16 increased
CD8+ T-cell proliferation and IFN-γ production, therefore resulting in elevated tumor cell
killing (Table 3) [87].

Upon antigen presentation and TCR engagement, PD-1 expression is upregulated [88];
thereafter, PD-1 may bind to a PD-1 ligand (PD-L1 or PD-L2) [17,88,89]. The interaction
between PD-1 and PD-L negatively regulates T-cell responses and decreases T-cell prolif-
eration/differentiation, cytokine production (IFN-γ, tumor necrosis factor alpha (TNF-α)
and IL-2) and cell survival [17,88–90]. In multiple cancer types, patient response rates
have demonstrated the positive effect of the PD-1 pathway blockade [17]. Utilizing Abs
to inhibit the PD-1–PD-L1 interaction leads to T-cell proliferation, penetration into the
tumor and a cytotoxic T-cell response [17]. The first FDA-approved anti-PD-1 Abs were
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pembrolizumab and nivolumab for treating refractory melanoma (2014) and advanced
NSCLC patients (2015) [17]. Nivolumab was the first Ab to demonstrate the anti-tumor
activity of the PD-1 blockade [17]. In patients with melanoma, renal cell carcinoma (RCC)
and NSCLC, treatment with nivolumab showed tumor responses [17]. Anti-tumor activity
was accompanied with limited toxicity; however, rarely, pneumonitis may develop [17].
Thereafter, the anti-PD-L1 Abs atezolizumab and avelumab were approved for urothelial
cancers (2016) and Merkel cell carcinoma (2017), respectively [17]. In metastatic urothelial
carcinoma patients, avelumab treatment was linked to durable responses and a prolonged
survival [91,92].

In NSCLC patients, progression-free survival was much longer in nivolumab- and
ipilimumab-treated patients as compared to chemotherapy-treated patients [93]. Treatment
with pembrolizumab and chemotherapy in previously untreated metastatic squamous
NSCLC patients as well as treatment with atezolizumab and chemotherapy in extensive-
stage SCLC resulted in a substantially longer survival and progression-free survival com-
pared to chemotherapy alone [94,95]. Although PD-1 Abs have shown promising results,
currently, the production of PD-1 and PD-L1 Nbs is of interest.

Xian et al. (2019) isolated a PD-1 Nb (Nb97) and generated an Nb97–Nb97-human
serum albumin (HSA)-fused protein (MY2935) to extend half-life [96]. Although MY2935
(expressed in P. pastoris) and MY2626 (expressed in mammal cells, humanized Nb97-Fc)
induced similar inhibitory effects on PD-1, MY2935 was more effective at blocking the
PD-1–PD-L1 pathway (Table 3) than MY2626 [96]. Therefore, MY2935 stimulated the
immune function to a greater extent than MY2626 [96]. More recently, an anti-PD-1 Nb
(PD-1-Nb-B20) was selected by using a PD-1 peptide found on the PD-1 interface as the
antigen [97]. In BxPC-3 cells, PD-1-Nb-B20 was shown to effectively block the binding of
PD-1 and PD-L1 (Table 3) [97].

Additionally, Nbs have been produced against PD-L1 [98,99]. Zhang et al. (2017)
produced an anti-PD-L1 Nb (KN035) and demonstrated that KN035-Fc blocked the PD-L1–
PD-1 interaction, induced IFN-γ production and inhibited tumor growth (Table 3) [99].
Notably, KN035 demonstrated strong anti-tumor activity at comparable dosages of durval-
umab [99].

LAG-3 inhibits TCR signaling by binding to MHC-II, thus preventing TCR and CD4
binding to the same MHC molecule [100]. Galectin-3 (Gal-3), liver sinusoidal endothelial
cell lectin (LSECtin) and fibrinogen-like protein 1 (FGL1) are LAG-3 ligands that are
frequently expressed in the tumor environment [101]. LAG-3 expression can inhibit TCR
signaling, cell cycle progression and primary T-cell activation [100,102]. An increase in
LAG-3 expression negatively modulates CD4+ T-cell activation and reduces CD8+ T-cell
effector function [100]. The blockade of LAG-3 was shown to increase CD8+ T-cell effector
function and stimulate higher IFN-γ production in self-tolerance models [103].

Yu et al. (2019) isolated an anti-LAG-3 Ab (LBL-007) and demonstrated that LBL-007
binds specifically to human LAG-3, induces IL-2 secretion, blocks the LAG-3–MHC class
II interaction, the LAG-3–LSECtin interaction and LAG-3 signaling [104]. Additionally,
LBL-007 treatment delayed tumor growth in mice transplanted with colorectal cancer
cells [104].

Nbs targeting mouse LAG-3 were developed and validated as probes for SPECT
imaging [101]. The 99mTc-labeled-LAG-3 Nbs were shown to detect LAG-3 expression
(Table 3) [101]. However, further research is required to investigate the anti-tumor potential
of LAG-3 Nbs.

Gal-9, carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1), high-mobility
group protein B1 (HMGB1) and phosphatidylserine (PS) are TIM-3 ligands [105]. The
TIM-3–Gal-9 interaction mediates T-cell exhaustion, negatively regulates T-cell immunity,
terminates Th1 immune responses and inhibits proliferation as well as effector cytokine
production [105,106]. Moreover, innate immune cell functions (IL-12 secretion and toll-like
receptor (TLR)-mediated activation) have been shown to be inhibited by the TIM-3–HMGB1
interaction [107].
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In RCC patients, TIM-3 levels were elevated on T-cells (CD4+ and CD8+) and were
linked to higher cancer stages [108]. Notably, the TIM-3 pathway blockade restored cell
proliferation and elevated IFN-γ production in the TILs of RCC patients [108]. In CD8+
T-cells, TIM-3 was shown to be present at the immune synapse, disrupt stable synapse
formation, interact with signaling molecules and contribute to the suppression of TCR
signaling [109]. The formation of stable synapses was increased by the Tim-3 blockade [109].

Blocking the TIM-3–ligand interaction would restore effector functions and the anti-
tumor activity of exhausted T-cells [110]. The development of a TIM-3 blocking agent could
be a beneficial immunotherapy for cancer [106]. Previously, an anti-TIM-3 Ab (M6903) was
shown to effectively bind to TIM-3, block TIM-3 binding to its ligands (PS, CEACAM1
and Gal-9) and enhance T-cell activation [111]. The combination of M6903 and bintrafusp
alfa (a protein that blocks the TGF-β and PD-L1 pathways) enhanced T-cell activation and
anti-tumor efficacy [111].

Homayouni et al. (2016) produced an anti-human TIM-3 Nb (CD366) and demon-
strated its specific reactivity and high binding capacity to TIM-3 [106]. Notably, the binding
capacity of the anti-TIM-3 Nb was similar to a commercial Ab [106]. Additionally, in
HL-60 cells, the anti-TIM-3 Nb exerted a high anti-proliferative effect (Table 3), which was
comparable with an anti-TIM-3 Ab [106].

Upon activation, TIGIT expression was shown to be increased on T-cells [112]. The
TIGIT immune checkpoint has three ligands, namely CD155, CD112 and CD113 [112]. How-
ever, TIGIT binds with higher affinity to CD155 (main TIGIT ligand) [112]. In many human
malignancies, the overexpression of CD155 and CD112 has been evident [112]. Moreover,
oncogene and cytokine (IFN-γ) expression have been shown to increase CD155 and CD112
on tumor cells [112]. The TIGIT–CD155 interaction suppresses IFN-γ production [113].
Additionally, it increases IL-10 production, which plays a role in T-cell exhaustion and
immunosuppression [113]. In cytokine-induced killer cells, an anti-TIGIT Ab elevated
proliferation, cytokine production and the cytotoxic targeting of tumor cells expressing
CD155 [113].

Immune checkpoint blockades allow for the continuous anti-tumor activity of T-cells,
which suggests long-lasting responses against cancer [17]. However, acquired resistance is
a problem with checkpoint blockade therapy [17]. The immune checkpoint receptors can
be expressed simultaneously. Therefore, studies have examined the effect of blocking more
than one immune checkpoint.

Previously, in patients with advanced melanoma, RCC and NSCLC, the inhibition of
both the PD-1 and CTLA-4 pathways elevated survival and objective response rates [114,115].
Additionally, in ipilimumab (CTLA-4 antibody)-treated metastatic melanoma patients, there
was a greater number of cells expressing intracellular CTLA-4, LAG-3 and TIM-3 [116]. Thus,
the effectiveness of targeting LAG-3, PD-1 and CTLA- 4 is under clinical investigation [100].

Studies have reported that PD-1 and LAG-3 are co-expressed on CD4+, CD8+ and
tumor-infiltrating T-cells [117–119]. Additionally, in cancer models, the synergy between
LAG-3 and PD-1 has been noted [100]. Most established tumors tend to be resistant
to a single agent treatment [100]. However, these tumors are effectively eliminated by
simultaneously blocking LAG-3 and PD-1 [100].

In human NSCLC, the expression of LAG-3 on TILs was significantly associated with
PD-1 expression on TILs as well as PD-L1 expression on tumors [118]. Additionally, in
NSCLC patients, a low expression of LAG-3 and PD-L1 has shown a favorable prognosis
as compared to increased LAG-3 and PD-L1 expression [118]. In patients treated with
anti-PD-1 therapy, LAG-3 expression is linked to a shorter progression-free survival [120].
Notably, the anti-LAG-3 Ab and anti-PD-1 Ab combination treatment more effectively
delayed tumor growth than the single treatments (LBL-007 only or anti-PD-1 Ab only) [104].

In in vitro and in vivo models, the expression of TIM-3 and PD-1 was correlated [105].
In gastric cancer patients, PD-1- and TIM-3-positive CD8+ T-cells were increased, and
PD-1+ cells were correlated with TIM-3+ cells [121]. Moreover, the level of IFN-γ produced
by PD-1- and TIM-3-positive T-cells was substantially lower than that of PD-1- and TIM-
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3-negative cells as well as PD-1-positive and TIM-3-negative cells [121]. A combination
of TIM-3 and PD-1 inhibitors could prevent tumor progression and improve anti-tumor
activity [105,110]. The blockade of both PD-1–PD-L1 and TIM-3–Gal-9 interactions could
prevent T-cell exhaustion in advanced acute myelogenous leukemia (AML) as well as
reversed T-cell dysfunction and exhaustion in colorectal cancer [122,123].

A previous study has reported that in in vivo models of lung cancer, there is an increase
in alternative immune checkpoints following anti-PD-1 therapy [124]. Thus, the adaptive
resistance to the PD-1 pathway blockade may be due to the increased expression of other
immune checkpoints [124]. In hepatocellular carcinoma (HCC) tissues, the expression of
PD-1, TIM-3 and LAG-3 was increased on T-cells [125]. Abs against PD-L1, TIM-3 or LAG-3
increased T-cell proliferation and cytokine production and restored the T-cell responses of
HCC-derived T-cells [125]. Therefore, the combined inhibition of PD-1, TIM-3 or LAG-3
demonstrated a synergistic function [125].

In cancer patients, TIGIT expression is often correlated with the increased expression
of inhibitory receptors (PD-1, LAG-3 and TIM-3) on CD8+ TILs [112,126]. TIGIT and PD-1
have been shown to be co-expressed in advanced melanoma, NSCLC and colon cancer
samples [126]. In cells isolated from metastatic melanoma patients, blocking both TIGIT
and PD-1 was shown to increase proliferation and cytokine production [126]. Recently,
Ma et al. (2020) produced a multivalent bispecific Ab (BsAb) consisting of a tetravalent
anti-PD-L1 Fc-fusion Nb and tetravalent anti-TIGIT Nb [127]. The parental anti-PD-L1 Nb
demonstrated high specificity and affinity for PD-L1 as well as increased T-cell activity
(in vitro) and anti-tumor activity (in vivo) (Table 3) [127]. The parental anti-TIGIT Nb also
showed high specificity and affinity for TIGIT as well as enhanced T-cell activity (Table 3).
In comparison to the parental Nbs, BsAb was shown to co-target PD-L1 and TIGIT and
highly block the receptor–ligand interaction as well as synergistically increase T-cell activity
(in vitro) (Table 3) [127].

Taken together, the blockade of more than one immune checkpoint may prove to be a
very beneficial cancer treatment [100].

4.8. Anti-Cancer Treatments

Over the years, Abs and Nbs have been widely researched to enhance oncology prac-
tices, such as imaging, radiotherapy and drug delivery, in which Abs/Nbs are conjugated
to other components. However, Abs and Nbs tend to be initially developed to demon-
strate anti-cancer potential, for example, EGRF, hepatocyte growth factor (HGF) and death
receptor 5 (DR5).

In EGFR-overexpressing MDA-MB-468 breast cancer cells, the combined use of ce-
tuximab and matuzumab (anti-EGFR mAbs) decreased growth and survival to a greater
extent than the use of a single Ab treatment [22]. Different Abs may bind to different
epitopes of a target [21]. Roovers et al. (2011) produced a single biparatopic anti-EFGR
Nb (CONAN-1) by combining Nbs that possess specificities that are similar to cetuximab
and matuzumab [21]. CONAN-1 demonstrated an enhanced affinity for EFGR, blocked
EFGR activation and inhibited cell proliferation (Table 3) [21]. Additionally, in athymic
mice bearing A431 xenografts, CONAN-1 was shown to inhibit tumor growth similar to ce-
tuximab and to a greater extent than bivalent monospecific Nbs [21]. Anti-EGFR Nbs (ENb)
have also been produced and secreted from stem cells for glioblastoma multiforme (GBM)
therapy [128]. In GBM cells lines, van der Water et al. (2012) demonstrated that ENbs
inhibited EGFR signaling, which led to decreased growth and invasiveness (Table 3) [128].

Solid tumors have been shown to overexpress EGFR, and a poor prognosis of patients
has been correlated with increased EGFR expression [129]. In the treatment of solid tumors,
EGFR Abs have been promising; however, the combination of EGFR Abs and conventional
therapies (chemo and radio) is more beneficial [129]. Roovers et al. (2007) isolated anti-
EGFR Nbs that inhibited EGF binding and blocked EGF-mediated signaling and cell
proliferation [129]. Notably, the anti-EGFR Nbs were shown to delay A431-derived solid
tumor outgrowth (in vivo) (Table 3) [129].
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HGF is a ligand for the c-Met receptor [12]. In cancer patients, HGF and c-Met overex-
pression is related to elevated tumor aggressiveness and a poor prognostic outcome [12].
Therefore, inhibiting HGF expression may be a beneficial strategy to decrease c-Met receptor
activation [12]. For decades, pharmaceutical companies have been developing mAbs that an-
tagonize c-Met activation, and three anti-HGF mAbs (AMG102 (rilotumumab), AV-299 and
TAK-701) have been under clinical development [130]. Notably, in patients with recurrent
glioblastoma, rilotumumab was not related to significant anti-tumor activity [131].

Two HGF Nbs (1E2 and 6E10) were shown to inhibit HGF–c-Met receptor binding [12].
The HGF Nbs were linked to albumin (Alb8) to extend serum half-life and radiolabeled
with 89Zr (89Zr-1E2-Alb8 and 89Zr-6E10-Alb8) to allow an in vivo assessment of biodis-
tribution [12]. In U87MG xenografts, 89Zr-1E2-Alb8 and 89Zr-6E10-Alb8 were shown to
selectively target tumors (Table 3) [12]. Additionally, in U87 MG tumor-bearing nude
mice, HGF Nbs inhibited tumor growth, and cures were observed in 50–67% of mice,
indicating therapeutic potential [12]. In lung tumors, increased c-Met gene amplification
may contribute to the resistance to EGFR inhibitors [12]. NSCLC tumors with an EGFR
mutation eventually become resistant to EGFR tyrosine kinase inhibitors (TKI) [132]. In
these NSCLC cells, HGF induces resistance to EGFR-TKI similar to gefitinib [132]. Okamoto
et al. (2010) demonstrated that HGF activates MET, which confers gefitinib resistance [132].
In gefitinib-resistant NSCLC tumors, an anti-HGF mAb (TAK-701) was shown to restore
gefitinib sensitivity [132]. Thus, constructing an Nb that includes an anti-HGF Nb and
anti-EGFR Nb may enhance therapeutic potential by simultaneously inhibiting EGFR and
c-Met–HGF signaling [12].

Table 3. The effects of nanobodies in preclinical and clinical studies.

Preclinical Studies

Nanobody and Conjugates Effects Reference
99mTc-2Rs15d
99mTc-EGFR

High tumor and renal uptake. Rapid blood clearance [25,26]

99mTc-PSMA30 High tumor uptake. High tumor-to-normal organ ratios [27]
99mTc-anti-MMR Target and image TAM subpopulations [14]

99mTc-R3B23 Image and monitor progression of the disease [31]
68Ga-EGFR High tumor uptake and high tumor-to-normal tissue ratios [32]

68Ga-NOTA-2Rs15d
Fast and specific uptake. High tumor-to-blood ratios. High-specific

contrast images. No observed toxicity [29]

µB-cAbVCAM1-5 Imaging of tumors [33]

anti-PSMA nBs Target PSMA+ cells to image prostate cancer [35]

anti-CAIX Nb-IRDye800CW Imaging of pre-invasive breast cancer [36]

7D12-IRDye800CW High tumor uptake. Rapid and clear imaging of orthotopic tongue
tumors and cervical lymph node metastases [37]

11A4-IRDye800CW Increased tumor accumulation and tumor-to-background ratios. Used in
image-guided surgery [42]

177Lu-DTPA-sdAb-9079 Effective treatment. Delivers low radiation levels to healthy organs [46]

213Bi-2Rs15d
High tumor uptake, low healthy tissue uptake and increased

median survival [49]
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Table 3. Cont.

Preclinical Studies

Nanobody and Conjugates Effects Reference

177Lu-DTPA-2Rs15d
High dose delivered to the tumor and kidneys. Tumor growth blockade

and a substantial event-free survival [50]

anti-VEGFR2 Nb-PE38 Inhibit proliferation of VEGFR2-expressing cells [54]

anti-EGFR Nb-cucurmosin Inhibit cell viability of EGFR-expressing cell lines and induce apoptosis. [57]

Bispecific anti-EGFR-Nb-cucurmosin Selectively kills cancer cells through apoptosis [58]

anti-HER-2-PE24X7 High selectivity and cytotoxicity. Effective tumor growth inhibition [59]

EGa1-L Decreased EGFR levels, EGFR sequestration, receptor degradation and
inhibition of tumor cell proliferation [60]

AG538-loaded EGa1-liposomes AG538 delivery, EGFR blockade, IGF-1R stimulation and inhibition of
tumor cell proliferation [61]

Rhodamine-labeled EGa1-micelles High binding and uptake through EGF receptor interaction. Tumor
growth inhibition [62,63]

anti-Met NANAPs Binding, uptake and lysosomal degradation. Downregulation of
Met protein [64]

Ega1-coated NANAPs Internalized, digested, kinase inhibitor release and decreased cancer
cell proliferation [65]

doxorubicin-EGa1-polymeric-
micelles Effective inhibition of tumor growth [63]

NB7-doxorubicin Accumulates in PSMA+ tumors. Doxorubicin induced cytotoxic activity.
Tumor growth inhibition at a low dosage [30]

CD38-CAR T-cells Specific and efficient lyses of CD38+ MM cell lines and inhibition of
tumor growth [76]

TGF-β3 sdAbs Neutralize TGF-β3 and block the TGF-β3–receptor interaction [79]

CXCR7 Nbs Inhibition of tumor growth [80]

Nb16 and Nb16 Decreases melanoma growth and prolongs survival time. Increases T-cell
proliferation and IFN-γ production. Increases tumor cell killing [86,87]

MY2935 Effective blockade of the PD-1–PD-L1 pathway [96]

PD-1-Nb-B20 Effectively block the binding of PD-1 and PD-L1 [97]

KN035 Blockade of the PD-L1–PD-1 interaction, induction of IFN-γ production
and inhibition of tumor growth [99]

99mTc-LAG-3 Nbs Detect LAG-3 expression [101]

anti-human TIM-3 Nb Specific reactivity and high binding capacity. High
anti-proliferative effect [106]

anti-PD-L1 Nb High specificity and affinity for PD-L1. Increased T-cell activity and
anti-tumor activity [127]

anti-TIGIT Nb High specificity and affinity for TIGIT. Enhanced T-cell activity [127]

BsAb Co-target PD-L1 and TIGIT, highly block the receptor–ligand interaction
and increase T-cell activity [127]

CONAN-1 High affinity for EFGR, blocks EFGR activation, inhibition of cell
proliferation and tumor growth [21]

ENb Inhibition of EGFR signaling. Decreases growth and invasiveness [128]

anti-EGFR Nbs Inhibition of EGF binding, blockade of EGF-mediated signaling and cell
proliferation. Delays solid tumor outgrowth [129]



Int. J. Mol. Sci. 2021, 22, 9778 21 of 28

Table 3. Cont.

Preclinical Studies

Nanobody and Conjugates Effects Reference
89Zr-1E2-Alb8 89Zr-6E10-Alb8 Selectively target tumors and inhibits tumor growth [12]

DR5 Nb Increases tumor cell killing by caspase induction. Increases
anti-tumor activity [133]

Clinical Studies

Nanobody and Conjugates Effects Reference

99mTc-NM-01
Imaging of PD-L1-expressing cells. No adverse effects. Monitors PD-L1

expression. Useful in diagnosing and staging of patients [39]

DR5 is involved in the activation of extrinsic apoptosis [133]. In preclinical models,
DR5 agonists have showed promising anti-tumor activity; however, in cancer patients,
its efficacy was insufficient [133]. Huet et al. (2014) produced multivalent DR5 agonist
Nbs that increased tumor cell killing by caspase induction [133]. In comparison to the
DR5 agonist Ab, the multivalent DR5 Nb showed enhanced anti-tumor activity (in vivo)
(Table 3) [133].

5. Conclusions

Cancer is a devastating disease and a leading cause of mortality worldwide. For
decades, Abs have been developed and widely used in oncology practices. However, there
are disadvantages with the use of Abs in cancer imaging and therapy. In comparison to
Abs, Nbs have several advantages, which may be beneficial [7].

In cancer practices, the literature indicates that the usage of Nbs can be equally or
more effective than Abs while producing a lower level of toxicity and adverse effects. Nbs
have shown the potential to improve cancer visualization, drug delivery and therapies
(radiotherapy, chemotherapy and surgery). Additionally, Nbs can be developed specifically
as a cancer treatment. However, further research into the development and utilization of
Nbs is required in order to assess their safety and efficacy for patient administration.
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Abbreviations

Mil, million; Igs, immunoglobulins; Abs, antibodies; VH, variable heavy; VL, variable
light; mAbs, monoclonal Abs; Fab, synthetic antigen-binding fragment; Fv, variable frag-
ment; scFv, single-chain Fv; CDR, complementarity-determining regions; Nbs, nanobodies;
ABF, antigen-binding fragment; SPECT, single-photon emission computed tomography;
PET, positron emission tomography; CT, computed tomography; 99mTc, 99-mTechnetium;
177Lu, 177-lutetium; 123I, 123-iodine; 11I, 11-iodine; 68Ga, 68-gallium; 124I, 124-iodine; 89Zr,
zirconium-89; 18F, fluor-18; PD-1, programmed cell death-1; PD-L1, PD-1 ligand; 111In, 111-
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indium; p.i., post injection; 64Cu, 64-copper; EGFR, epidermal growth factor receptor; ESCC,
esophageal squamous cell carcinoma; h, hours; HER-2, human epidermal growth factor
receptor 2; PSMA, prostate-specific membrane antigen; MMR, macrophage mannose recep-
tor; TAM, tumor-associated macrophages; MM, multiple myeloma; M protein, monoclonal
protein; µBs, microbubbles; VCAM-1, vascular cell adhesion molecule-1; nBs, nanobubbles;
NIR, near-infrared dyes; CAIX, carbonic anhydrase IX; NSCLC, non-small cell lung cancer;
TRNT, targeted radionuclide therapy; 131I, 131-iodine; 89Sr, 89-strontium; LET, linear energy
transfer; 90Y, yttrium-90; 212Bi, 212-bismuth; 225Ac, 225-actinium; 223Ra, 223-radium; FDA,
Food and Drug administration; RIT, radioimmunotherapy; BRT, blood residence time; sdAb,
single-domain Ab fragment; 213Bi, 213-bismuth; ABD, albumin-binding domain; VEGFR2,
vascular endothelial growth factor receptor 2; NANAPs, albumin-based nanoparticles; IGF-
1R, insulin-like growth factor 1 receptor; Tra, trastuzumab; Ps, polymersomes; EPI·HCL,
epirubicin hydrochloride; ACT, adoptive cell transfer; TILs, tumor-infiltrating lymphocytes;
CARs, chimeric antigen receptors; IL, interleukin; AML, acute myeloid leukemia; IFN-γ,
interferon gamma; TGF-β, transforming growth factor β; CTLA-4, cytotoxic T lymphocyte-
associated protein-4; PD-1, programmed cell death-1; LAG-3, lymphocyte-activated gene-3;
TIM-3, T-cell immunoglobulin and mucin-3; TIGIT, T-cell immunoglobulin and immunore-
ceptor tyrosine-based inhibitory motif domain; TCR, T-cell receptor; TNF-α, tumor necrosis
factor alpha; HSA, human serum albumin; Gal-3, galectin-3; LSECtin, liver sinusoidal en-
dothelial cell lectin; FGL1, fibrinogen-like protein 1; CEACAM-1, carcinoembryonic antigen
cell adhesion molecule; HMGB1, high-mobility group protein B1; PS, phosphatidylserine;
TLR, toll-like receptor; RCC, renal cell carcinoma; HCC, hepatocellular carcinoma.
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