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Abstract

Nanobodies (Nbs) are great molecular tools that can circumvent the limitations of
traditional antibodies such as large size, low stability, slow clearance, and high
immunogenicity. Recent studies identified several clinical applications of Nbs
targeting various cancers. Cancer stem cells (CSCs) comprise a limited subpopu-
lation of cancer cells that can reproduce autonomously and differentiate into
diverse cancer lineages. CSCs are responsible for providing resistance against
chemotherapy and radiotherapy. Various studies focused on targeting these CSCs
via Nbs to selectively reduce the cancer burden. Nbs have the potential to reduce
the CSCs and thereby could halt the progression of specific cancers.
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14.1 Introduction

Traditional cancer therapies like chemotherapy or radiotherapy beget various
unwanted effects with them including destruction of healthy cells surrounding
tumors. To minimize the side effects, great emphasis has been put on targeted
drug delivery. With the administration of a monoclonal antibody (mAb) to a
lymphoma patient in 1980, a new paradigm was brought forward in targeted cancer
therapy (Nadler et al. 1980). While antibodies (Abs) can bind to the transmembrane
receptors or soluble ligands and interfere with the downstream signal transduction in
the tumors, they can also elicit antibody-dependent cellular cytotoxicity (ADCC) by
recruiting the effector cells (i.e., NK cells and macrophages). These, in turn, inhibit
tumor proliferation and tumor angiogenesis. They can also be utilized as functional
carriers for targeted delivery of drugs and nanoparticles, effectively initiating the
specific destruction of the tumors (Fay and Scott 2011). However, one of the major
concerns of using Abs is their relatively larger size that limits efficient tumor
penetration and results in suboptimal pharmacokinetic profile (Minchinton and
Tannock 2006). Moreover, the complex structure of the Abs along with their
disulfide bonds render them expensive, and they often mount immunogenic response
inside the host (Oliveira et al. 2013). Later, many studies focused on the develop-
ment of smaller antibodies, either synthetic or derived from IgGs, which showed
enhanced pharmacokinetic characteristics both in vivo and in vitro. However, these
recombinant antibodies were still suboptimal and showed less solubility, stability,
and affinity (Helma et al. 2015). Altogether, these drawbacks led scientists and
pharmaceutical entrepreneurs to opt for a novel strategy that can provide similar
binding specificity with less undesired aspects. This necessitated the use of the
nanobodies (Nbs).

14.2 Nanobody

Nbs (also known as single-domain antibody [sdAb]) are antibody fragments com-
prising of single monomeric antibody variable domains. Despite their reduced size
lacking the light chain domains, Nbs are still capable of retaining their selective
binding to specific antigens (Ags). Nanobodies were first discovered, in a serendipi-
tous event, by Hamers-Casterman et al. in animals from the Camelidae family in
1993 (Hamers-Casterman et al. 1993). Nbs are aptly named owing to their size in the
nanometer range. This smaller size of the Nbs allows them to diffuse faster through-
out the body along with rapid extravasation from the vein and deeper penetration in
the tumor tissues. Although the smaller size of the Nbs makes them suitable for
molecular imaging and tumor treatment, it may pose as a hindrance, as they may be
cleared from the bloodstream by the kidney. Moreover, as a very marginal amount of
the Nbs is accumulated in the diseased site, recurrent administration is required
often. To circumvent these challenges, researchers made efforts to increase the half-
life of the Nbs by using albumin (Roovers et al. 2011). Due to their increased
hydrophilicity, decreased disulfide bonds, lack of posttranslational modifications,
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and characteristic monomeric structure, Nbs can be mass produced in cheaper
microbial production systems (i.e., E. coli and S. cerevisiae). Furthermore, owing
to their similarity to the human type 3 Vi domain, Nbs are less immunogenic, which
reduces the possibility of unwanted immune response. All these features make Nbs
great vehicles for targeted cancer therapy (Fig. 14.1).

14.3 Therapeutic Applications of Nanobody

Roovers et al. proposed the first implementation of therapeutic Nbs for in vivo solid
tumors in 2007, where they effectively reduced tumor growth using anti-EGFR Nbs
(Roovers et al. 2007). Later, several other studies that targeted different tumor-
associated biomarkers (i.e., EGF, HER2, CAIX, DRS, HGF, EphA4, Wnt receptors,
and CD33) also observed delayed tumor growth (Vosjan et al. 2012; Araste et al.
2014; Huet et al. 2014; Schoonaert et al. 2017; Guardiola et al. 2018; Wang et al.
2019; Fenderico et al. 2019; Romao et al. 2020). Nbs are also capable of inhibiting
angiogenesis via blocking VEGF ligand binding as well as targeting DLL4 and CD3
(Farajpour et al. 2014; Baharlou et al. 2018; Khatibi et al. 2019). At present, lots of
Nbs are in clinical trials including ALX-0651 targeting CXCR4 in non-Hodgkin’s
lymphoma and multiple myeloma (Peled et al. 2012); DR5Nbl and TAS266
targeting DRS in colon and pancreatic cancers and solid tumors (Huet et al. 2014;
Papadopoulos et al. 2015); **GaNOTA-Anti-HER2 VHHI, ["*'I]-SGMIB anti-
HER2 VHHI, and *’mTc-NM-02 targeting HER2 in breast cancer (Keyaerts et al.
2016; Zhang et al. 2017; D’Huyvetter et al. 2021); KNO035 and KN044 targeting
PD-L1 and CTLA-4, respectively, in solid tumors (Zhang et al. 2017); CD19/CD20
bispecific CAR T cells targeting CD19/CD20 in B-cell lymphoma (Zah et al. 2016);
BCMA CAR T cells targeting BCMA in myeloma (Raje et al. 2019); and
*8GaNOTA-Anti-HER2 VHH2 targeting MMR in malignant solid tumor (Bathula
et al. 2021). As antagonists targeting several cancer-associated biomarkers, espe-
cially extracellular proteins, Nbs can interfere with their downstream signal trans-
duction resulting in inhibition of growth and uncontrolled multiplication of tumor
cells. Allegra et al. extensively reviewed the current status and clinical applications
of the Nbs along with their advantages and disadvantages (Allegra et al. 2018). As
Nbs lack F. domain, to efficiently provide anti-tumor functions, conjugation of Nbs
with different therapeutic agents proves to be fruitful while developing targeted
anticancer therapies with improved potency.

14.3.1 Nb-Based Immunotoxins

Pseudomonas exotoxin A (PE38) is a potent toxin that can be internalized into the
cancer cell where it can bind to ADP-ribosylating elongation factor II and destroy the
cell. PE38-decorated VEGFR2-specific Nbs can selectively target cells that express
VEGFR?2 and inhibit their proliferation (Behdani et al. 2013). Moreover, Nbs can
site-selectively transform nontoxic or low toxic prodrugs into their active forms, as
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Fig. 14.2 Specific interaction of Nbs with CD7-positive cells. Confocal fluorescence microscopic
image of the interaction of VHH6 with CD7-positive Jurkat cells and CD7-negative RPMI8226
cells. Adopted and modified with permission from Tang et al. (2016)

evidenced by Cortex-Retamozo et al. in an in vitro study (Cortez-Retamozo et al.
2004). In this study, the researchers conjugated an anti-CEA Nb with beta-lactamase
where the beta-lactamase was directed to the surface of LS174 cancer cells
expressing CEA. This resulted in the activation of the co-administered cephalosporin
nitrogen mustard prodrug in a preferred biodistribution profile close to the diseased
cells. Additionally, VHH6 is an anti-CD7 Nb that targets CD7, which is
overexpressed in leukemia and T-cell lymphoma (Tang et al. 2016). The authors
incubated Nbs at various concentrations with Jurkat cells at ice and evaluated the
cell-binding ability. VHH6 administration using monovalent and bivalent anti-CD7
Nb immunotoxins led to enhanced apoptosis of CD7-positive malignant cells
(Fig. 14.2). Apart from these, there are numerous other Nbs that serve as potential
immunotoxins and eliminating cancer cells (Li et al. 2016; Bachran et al. 2017; Deng
et al. 2017; Yu et al. 2017; Pirzer et al. 2018).

14.3.2 Nanobodies as Drug Carriers

To avoid toxicity, nanobodies can be utilized as drug carriers (nanocarriers) for
targeted drug delivery. Hydrophilic drugs can be solubilized into lipid bilayers or
micelles, while greater number of drugs can be administered simultaneously
(Oliveira et al. 2013). Conjugating target moieties with the surface of the drug
delivery system of nanobodies enhances the specificity of the nanobodies to the
tumor cells, especially through receptor-mediated internalization (Fay and Scott
2011). Previous studies introduced a multivalent nanobody-liposome platform that
targeted liposomes of the tumor cells which overexpressed EGFR (Oliveira et al.
2010). In this study, the scientists grafted an anti-EGFR Nb EGal on the surface of
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Fig. 14.3 Mechanism of action of EGal-AG538-liposome. Adopted and modified with permission
from Elsevier (Van Der Meel et al. 2012)

the liposomes to construct a multivalent platform (EGal-L) and investigated whether
this EGal-L could bind several EGFR on the cell surface and induce the
downregulation of EGFR. The prepared anti-EGFR Nb-liposome construct were
able to inhibit the binding of EGF to EGFR and consequently EGFR activation, as
well as they were able to induce massive EGFR sequestration and subsequent
degradation. Another study reported the regression of tumor cells by loading anti-
IGF-1R kinase inhibitor (AG538) into the liposomes (Fig. 14.3) (Van Der Meel et al.
2012). Alternatively, a nanobody-micelle platform was introduced that was highly
specific for tumor cells (Talelli et al. 2011), which was further enhanced by
encapsulating doxorubicin that significantly improved the inhibition of tumor
growth (Talelli et al. 2013). Lastly, nanobody-albumin nanoparticles (NANAPs)
loaded with a multikinase inhibitor specifically targeted and diminished EGFR-
expressing tumor cells (Altintas et al. 2013).

14.3.3 Nanobody-Based CAR-T Cells

Chimeric antigen receptor T cells (CAR-Ts) are genetically modified T lymphocytes
that can express synthetic chimeric antigen receptor (CAR) molecules on their
surface. These CAR molecules enable the T cells to selectively target specific cells
with certain surface antigens and can thereby mediate targeted cytotoxicity (June
et al. 2018). Interaction between the CARs and the exclusive antigens activates
downstream signaling pathways in the T cells in an MHC-independent manner. So
far, several CAR-Ts have been approved by the Food and Drug Administration
(FDA) including tisagenlecleucel for B-ALL and diffuse large B-cell lymphoma
(DLBCL), axicabtagene ciloleucel for DLBCL and follicular lymphoma (FL),
brexucabtagene autoleucel for mantle cell lymphoma (MCL), lisocabtagene
maraleucel for DLBCL, and idecabtagene vicleucel and ciltacabtagene autoleucel
for multiple myeloma (MM) (Mullard 2017; Prasad 2018; Bouchkouj et al. 2019;
Mullard, 2021a; Voelker, 2020; Mullard 2021b). Studies reported that Nb-based
CAR-Ts can be more efficient compared to the conventional single-chain fragment
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Fig. 14.4 Different types of Nb-based CAR-Ts. Adopted with permission from BioMed Central
Ltd. (Safarzadeh Kozani et al. 2022)

variable (scFv) of a mAb, which is used as the antigen-targeting domain of CARs
(Fig. 14.4) (Safarzadeh Kozani et al. 2022). Nbs also circumvent the limitations of
scFvs as these are less immunogenic, lacking neutralizing Abs against them. More-
over, using scFvs as the CAR targeting domain leads to CAR aggregation, which, in
turn, results in CAR-T exhaustion irrespective of target antigen engagement (Sun
et al. 2012; Long et al. 2015; Gorovits and Koren 2019). This dilemma can be
resolved by using Nbs, as they do not tend to possess the same limitation of CAR
surface aggregation. Finally, another significant advantage of using Nbs over the
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scFvs is the presence of long CDR3 that renders them capable of binding specific
epitopes, which are not reachable by traditional mAbs. At present, several Nb-based
CAR-T cells have been developed against specific target antigens that includes
epidermal growth factor receptor (EGFR) (Albert et al. 2017), vascular endothelial
growth factor receptor 2 (VEGFR2) (Hajari Taheri et al. 2019), human epidermal
growth factor receptor 2 (HER2) (Jamnani et al. 2014), prostate-specific membrane
antigen (PSMA) (Hassani et al. 2019), tumor-associated glycoprotein 72 (TAG-72)
(Sharifzadeh et al. 2013), CD7 (Zhang et al. 2021), CD33 (De Munter et al. 2020),
CD38 (An et al. 2018), etc.

14.3.4 Nanobodies Targeting Tumor-Associated Receptors

Research in tumor diagnosis and treatment using Nbs provided outstanding results.
Nbs can be repurposed to specifically bind the tumor-associated receptors that, in
turn, can reduce tumor growth and proliferation. A number of studies have already
reported the potential anti-tumor effects of Nbs targeting various receptors. In one
such study, Tijink et al. found that bivalent Nb targeting EGFR can inhibit the
growth of tumor cells (Tijink et al. 2008). Moreover, Nbs specific for CEA are more
sensitive in clinical diagnosis and therapeutic intervention for lung cancer compared
to traditional Abs (Fig. 14.5) (Wang et al. 2017). Likewise, Groot et al. published
that Nbs targeting the transcription factor HIF-1a significantly downregulate the
proliferation and metastasis of tumor cells (Groot et al. 2006). In addition to these
classical tumor-associated receptors, synthetic Nbs targeting GPCR, CXCR4, and
ACKR3 effectively reduce tumor growth and enhance overall survival of the patient
(Wingler et al. 2019). Furthermore, decreasing the CTLA-4 activity by Nb blockade
induces self-reactive T cells and thereby alters Trgg cells, thus restricting the
propagation of cancer cells (Ramsey and McAlpine 2013; Bobkov et al. 2018).
Additionally, Nbs specific for endothelial glycoprotein endoglin (CD105) have anti-
proliferative effects on neovascular endothelial cells in tumor and neovascularization
(Ahmadvand et al. 2009). Nbs targeting other receptors such as heterogeneous
nuclear ribonucleoprotein K (hnRNP K), cell-activating factor BAFF, and CD38
inhibit the invasion and metastasis of tumor cells as well as alter the drug resistance
of patients (Mimori et al. 2003; Inoue et al. 2007; Fumey et al. 2017).

14.4 Nanobodies Targeting Cancer Stem Cells

Cancer stem cells (CSCs) are a minor subpopulation of cancer cells, which have the
ability to renew autonomously and differentiate into heterogeneous cancer cell
lineages (Bandhavkar 2016). Several research studies identified CSCs in various
solid tumors, i.e., such as breast cancer, liver cancer, lung cancer, renal cancer,
prostate cancer, melanoma, and leukemia (Huang and Rofstad 2016). CSCs are
responsible for chemo- and radiotherapy resistance due to enhanced DNA repair
efficiency, drug efflux, slow cell cycle progression, elevated anti-apoptotic capacity,
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Fig. 14.5 Fluorescence images of FITC-Nb stained H460 cells showing adherence of Nbs to the
surface of CEA-positive cells. (a) Light microscopy, (b) FITC fluorescence, (¢) DAPI fluorescence,

and (d) merged FITC and DAPI. FITC, fluorescein isothiocyanate. Adopted with permission from
Spandidos Publications (Wang et al. 2017)

and detoxification enzyme expression (Marhaba et al. 2008; Saha et al. 2012; Colak
and Medema 2014; Sotiropoulou et al. 2014; Lu et al. 2016). Consequently, these
result in treatment failure and relapse. Previously, several strategies were
implemented to combat these CSCs originated from diverse cancers (He et al.
2016; Liu et al. 2016; Lu et al. 2016; Wang et al. 2016; Yi et al. 2016; Yuan et al.
2016; Glaser et al. 2017; Li et al. 2017; Ming et al. 2017; Qin et al. 2017a, 2017b).
Most of these studies employed nanotechnology-based approach to selectively target
CSCs. As outlined by Lu et al., various synthetic nanoparticles, i.e., micelles,
liposomes, niosomes, and gold nanoparticles, can deliver anticancer drugs to specific
tumor cells targeting CSC-exclusive markers CD44, CD90, and CD133 (Lu et al.
2016). Furthermore, the specificity of such nanoparticles is enhanced using different
payloads inhibiting specific signaling pathways such as Notch, Hedgehog, and
transforming growth factor-p (TGF-B) in CSCs (Lu et al. 2016). In conjunction
with this research, a few other studies utilized Nbs to specifically target markers
associated with CSCs. In one such study, Reshadmanesh et al. used anti-HER2
Nb-conjugated polyamidoamine (PAMAM) dendrimers targeting breast cancer-
specific CSCs (Reshadmanesh et al. 2018). In this study, the researchers attempted
to assess the effect of transcriptional and cellular targeting of breast CSCs via Nbs
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Fig. 14.6 Treatment with Nb206 for testing apoptosis/necrosis on glioblastoma cell lines U§7MG,
U251IMG, and glioblastoma stem cells. Annexin V: FITC conjugated (green), apoptotic cells,
propidium iodide (red), necrotic cells. Adopted and modified with permission from Samec et al.
(2018)

Control

Nb206

against HER2. They observed targeted delivery of the genetic construct by
Nb-conjugated PAMAM dendrimer-induced efficient tBid expression in HER2
overexpressing breast CSCs, as binding of anti-HER2 Nb to its ligand facilitated
cellular uptake of the polyplex inside the CSCs.

In another study, Kavousipour and colleagues isolated Nbs targeting CD44, a
CSC biomarker from a synthetic phage-displayed library using peptide-, protein-,
and cell-based panning (Kavousipour et al. 2018). They concluded that cell-based
panning was more efficient for isolating Nbs. Furthermore, to reduce the glioblas-
toma (GBM) stem cell invasion, Por¢nik et al. utilized the Nbs NB237 against
the transcription factor TRIM28 and demonstrated significant in vitro inhibition of
the CSCs (Porc¢nik et al. 2021). Similarly, Samec and colleagues reported on the
validation and quantification of Nbs (Nb206) raised against mitochondrial transcrip-
tion elongation factor TUFM in GBM cell lines confirming their inhibitory roles on
cellular growth (Fig. 14.6) (Samec et al. 2018).

14.5 Conclusion and Future Perspectives

The therapeutic benefits of mAbs and the targeted capability of nanoscale delivery
are coupled in the Nbs. Nbs are also highly modular, allowing for the creation of
more intricate nanobody-based constructions. Their small size allows for improved
tumor penetration and access to hidden and/or intracellular epitopes. Their durability
and ease of manufacture make them suitable for mass production, and their excep-
tional paratope variety enables a wide range of tumor antigen targeting options.
Although it is possible to argue that nanobodies are an improvement over mAbs, it is
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crucial to consider the limitations of these distinctions. Furthermore, the quick renal
clearance of nanobodies reduces their therapeutic lifespan and decreases the thresh-
old for producing renal toxicity, which is further restricted if coupled to cytotoxic
loads. However, in the near future, Nbs may alter the mode of administration of
certain anticancer therapies. Nbs targeted against CSCs may circumvent the
limitations of conventional antibodies and facilitate the regression of CSCs, as
evidenced by several studies.

Conflict of Interest None.
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