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Simple Summary: Antibody—drug conjugates (ADCs) have emerged as a potent cancer therapy by
selectively delivering cytotoxic payloads to tumors. However, they face limitations due to acquired
resistance and adverse effects. New ADC formats, such as bispecific ADCs and probody—drug
conjugates, offer potential solutions. Nevertheless, single-domain antibodies (VHHSs), also known
as nanobodies, present a promising alternative. VHHSs possess unique characteristics over ADCs,
including a smaller size, enhanced tissue penetration, and rapid clearance. Their stability, solubility,
and manufacturability surpass those of conventional antibodies, enabling cost-effective production
and expanding the range of targetable antigens. Therefore, VHHs can mitigate some of the risks
associated with conventional ADCs, representing an exciting prospect for next-generation ADCs.

Abstract: Background: Antibody-drug conjugates (ADCs) represent potent cancer therapies that
deliver highly toxic drugs to tumor cells precisely, thus allowing for targeted treatment and sig-
nificantly reducing off-target effects. Despite their effectiveness, ADCs can face limitations due to
acquired resistance and potential side effects. Objectives: This study focuses on advances in various
ADC components to improve both the efficacy and safety of these agents, and includes the analysis
of several novel ADC formats. This work assesses whether the unique features of VHHs—such as
their small size, enhanced tissue penetration, stability, and cost-effectiveness—make them a viable
alternative to conventional antibodies for ADCs and reviews their current status in ADC develop-
ment. Methods: Following PRISMA guidelines, this study focused on VHHSs as components of
ADCs, examining advancements and prospects from 1 January 2014 to 30 June 2024. Searches were
conducted in PubMed, Cochrane Library, ScienceDirect and LILACS using specific terms related to
ADCs and single-domain antibodies. Retrieved articles were rigorously evaluated, excluding dupli-
cates and non-qualifying studies. The selected peer-reviewed articles were analyzed for quality and
synthesized to highlight advancements, methods, payloads, and future directions in ADC research.
Results: VHHs offer significant advantages for drug conjugation over conventional antibodies due to
their smaller size and structure, which enhance tissue penetration and enable access to previously
inaccessible epitopes. Their superior stability, solubility, and manufacturability facilitate cost-effective
production and expand the range of targetable antigens. Additionally, some VHHSs can naturally
cross the blood-brain barrier or be easily modified to favor their penetration, making them promising
for targeting brain tumors and metastases. Although no VHH-drug conjugates (nADC or nanoADC)
are currently in the clinical arena, preclinical studies have explored various conjugation methods
and linkers. Conclusions: While ADCs are transforming cancer treatment, their unique mechanisms
and associated toxicities challenge traditional views on bioavailability and vary with different tumor
types. Severe toxicities, often linked to compound instability, off-target effects, and nonspecific blood
cell interactions, highlight the need for better understanding. Conversely, the rapid distribution,
tumor penetration, and clearance of VHHSs could be advantageous, potentially reducing toxicity by
minimizing prolonged exposure. These attributes make single-domain antibodies strong candidates
for the next generation of ADCs, potentially enhancing both efficacy and safety.
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1. Introduction

For decades, chemotherapy based on cytotoxic agents has been the predominant
treatment for a broad spectrum of cancers and continues to be the most commonly pre-
scribed therapy in oncology [1]. Traditional chemotherapy presents several limitations,
including low selectivity, limited curative efficacy, easy development of drug resistance,
and significant side effects. In the early 20th century, Paul Ehrlich introduced the concept of
“magic bullets”, proposing that specific compounds could directly target diseased cells [2,3].
Monoclonal antibodies (mAbs) were a pivotal development in realizing this concept, as
they can precisely detect antigens on the surface of tumor cells. The therapeutic use of
mAbs began after Georges Kohler and César Milstein introduced the hybridoma technique
for producing mAbs in 1975. The first mAb, clinically approved in 1986, was Muromonab-
CD3 (Orthoclone OKT3, a murine-derived mAb targeting CD3) [4,5]. To date, more than
100 mAbs have been approved by the US Food and Drug Administration (FDA) for the
treatment of various human diseases, including cancer, autoimmune diseases, and chronic
inflammatory diseases [1,3,6-9].

Antibodies have antitumor action by being antagonists or agonists of their receptors
in the cell or by sequestering the ligands of signaling pathways such as VEGEF. In addition,
they trigger the action of complement or the recruitment of immune cells. On their own,
they have limited activity, and complete responses in cancer are rarely recorded with the
use of mAbs alone [4,5,10].

Although mAbs have made significant strides in disease therapeutics, their standalone
use is often insufficient, likely due to their lower effectiveness against cancer cells compared
to chemotherapy. By attaching a highly cytotoxic small molecule to a mAb, the antitumor
efficacy can be greatly enhanced, creating a new type of antibody derivative called an
antibody-drug conjugate (ADC). These ADCs can selectively deliver potent small-molecule
drugs directly to targeted cancer cells, inducing apoptosis and effectively serving as “magic
bullets” [7,11,12]. The development of genetic engineering, DNA editing techniques,
and forms of antibody production have facilitated the new generation of ADC against
cancer [2,3,7]. ADCs are a three-component construct comprising the antibody, the binding
linker, and the payload. The target specificity of the mAb allows for theoretical selectivity
for the tumor cell without damaging non-target cells lacking the antigen, thus improving
safety and increasing the therapeutic window [2,7].

In 1989, Raymond Hamers, Cécile Casterman and Serge Muyldermans at the Vrije
Universiteit Brussel (Belgium) discovered a new type of antibody—serendipitously—while
analyzing total and fractionated immunoglobulin G (IgG) molecules in the serum of a
dromedary. This camelid antibody was smaller and simpler than the conventional ones
found in mice and humans, composed of two heavy chains and two light chains. The
described smaller IgG subclasses appeared to lack light chains. Published in 1993, this
research demonstrated that the structure in camels is different, with up to 75% of the
immunoglobulins in the plasma of dromedaries having a much smaller molecular weight
and containing only one constant chain, termed heavy chain-only antibodies (HCAbs) [13].
Similar structures were later described in sharks, known as shark immunoglobulin new
antigen receptors (IgNARs) [14].

The study of these structures and the subsequent recognition that the variable do-
mains of these antibodies (VHHSs or Nanobodies® and VNARs, respectively) function
autonomously as single-domain antibodies (VHHSs) has opened up an impressive field of
biotechnological development based on them [15,16]. Since the FDA approved the first
VHH antibody in 2019, VHHSs have become an alternative to traditional antibodies due to
their potential advantage of unique structure and stability [17,18]. To date, four VHHs have
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received approval for the treatment of multiple diseases, and clinical trials are underway
for various medical applications, mainly for imaging and chimeric antigen receptor (CAR)
therapies [19,20].

This systematic review aims to assess advances and future prospects in using VHHs
as ADC and identifies possible theoretical improvements and new emerging therapies in
the field.

2. Materials and Methods
2.1. Design of the Study and Methods Used for Finding Information

This review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guideline [21]. The study was designed
to conduct a thorough review of current research on VHHs and their applications as a class
of ADCs. The review encompassed a range of relevant findings related to the topic and
provided a comprehensive understanding of the current state of research in this field. The
main advances and theoretical ways to enhance the results are discussed, along with future
perspectives in the field of conjugated VHHs. This Systematic Review has not registered in
a public registry.

2.2. Strategy for Finding Information

The structured inquiry included pertinent research studies released from 1 January
2014 to 30 June 2024). This specific period was chosen to capture the most recent and rele-
vant developments in the field of ADCs and VHHs. Although the first ADC was approved
by the FDA in 2000 (gemtuzumab ozogamicin), the field has significantly evolved since
then. Additionally, the first single-domain antibody (caplacizumab) was FDA-approved in
2019. By selecting a period starting from five years prior to the approval of caplacizumab,
we aimed to include contemporary studies and advancements that reflect the current state
of research and therapeutic applications.

The databases used for the search were PubMed, Cochrane Library, ScienceDirect and
LILACS. The search criteria included a mix of medical subject headings (MeSH) and key-

”ou

words related to ADC and nanoantibodies, such as “nanobody conjugates”, “single-domain

u

antibody conjugates”, “drug-bound VHHs”, “small format antibody-drug conjugate”,
“scFv”, “single-chain variable fragment”, “single-domain antibody-drug conjugates”, “fully
human single-domain antibody-drug conjugates”, “sdAb”, “NDC”, “small ADC”, “func-
tional heavy (H)-chain antibody”, and “HCAb”. The terms were combined effectively
for the search strategy using the Boolean operators “AND” and “OR”. Articles that were
published in either English or Spanish and can be fully accessed online were considered.

Research covered both clinical and preclinical studies.

2.3. Evaluation and Selection

The first search produced a detailed collection of articles, which were later refined
using automated tools to exclude irrelevant records according to the inclusion criteria
(Figure 1). After eliminating duplicates, three authors (VMMP, MB, AJS) individually
reviewed the titles, abstracts, and full texts of the remaining articles. Additionally, other
relevant studies selected by the team outside the specified time range were also incorpo-
rated. Full-text reviews were carried out for articles that met the inclusion criteria, and any
discrepancies were resolved through consensus-based discussions.
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Figure 1. Strategy for identification, screening and selection of articles for systematic review.

2.4. Determination of Quality

The articles were included in the final analysis after evaluating their quality of evidence.
Only peer-reviewed journal articles with rigorous methodologies were reviewed, such as
randomized controlled trials and cohort studies, to ensure high-quality evidence synthesis.
Case reports, editor letters, and conference studies were excluded, because they typically
do not provide the level of rigor and comprehensive data needed for a systematic review.
The chosen articles examined different facets of advancements in target VHHSs, conjugation
methods, payloads, and future prospects in the field of ADCs.

2.5. Extraction and Analysis of Data

Information from the studies was collected and combined to offer a thorough overview
of the present research status. The results were considered in relation to the key develop-
ments, theoretical enhancements, and upcoming research areas in ADC and VHH-ADCs.
The outcomes were summarized in a PRISMA flow diagram to demonstrate the selection
process and results (Figure 1).

The review focuses on various aspects of ADCs, including the evolution of the targets,
the linker or forms of conjugation methods used, the payload, the current research in the
field, VHHSs as ADCs, and future perspectives.

3. ADC: A Look at Its Evolution

An ADC consists of a mAb linked to a potent cytotoxic payload via a chemical linker.
This molecular design merges the target specificity and extended circulation half-life of
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an antibody with the high cytotoxic potency of antitumor agents that are too toxic for
standalone use. Consequently, compared with conventional chemotherapies, ADCs can
offer enhanced antitumor efficacy, leading to improved clinical benefits and quality of
life outcomes [1,22,23]. ADCs offer several advantages due to the precise binding of the
antibody and the pro-apoptotic nature of the payload. These include high therapeutic
efficacy, high specificity, relatively lower toxicity to non-cancer cells and reduced side
effects compared to conventional chemical cancer treatments [6,22-30].

To build an ADC, three main components have to be considered: a mAb, a cytotoxic
payload, and a linker (Figure 2). The mAb (typically IgG) facilitates the internalization of the
ADC into target cells via receptor-mediated endocytosis, allows for a prolonged presence
in the bloodstream and reduces the likelihood of triggering an immune response [1,24,25].
The payload is a potent cytotoxic agent intended to kill cancer cells (e.g., microtubule,
DNA synthesis and topoisomerase inhibitors) [1,24,25]. The ratio of drug molecules to
antibody molecules is optimized for effectiveness and safety. The linker connects the mAb
to the toxic payload [1,24,25]. When an ADC binds to a target antigen on tumor cells, it can
deliver a cytotoxic payload directly into the cytoplasm of the targeted cell through receptor-
mediated endocytosis. Alternatively, the cytotoxic drug may be released during lysosomal
degradation, disrupting DNA or inhibiting cell division, ultimately killing tumor cells.
Effective drug targeting, which ensures high tumor specificity and efficient internalization
by cancer cells, is a critical determinant of an ADC’s druggability [1,24,25]. The ideal
characteristics of ADCs include [1,2,6,7,12,22-31]:

e  The antibody composing an ADC should present high stability and high affinity for
the target and deep tumor penetration. Low/no immunogenic potential.

e  The target should be a surface-exposed (or extracellular) antigen, serving as the
delivery address.
The linkers should be stable before reaching the targeted tumor site.
ADC should be efficiently internalized via any of the endocytosis pathways and
successfully trafficked to lysosomes, where they accumulate.
Payloads from ADCs should be rapidly released upon entry into lysosomes.
The linked drug should be capable of efficient cell killing. Usually, payloads present
higher toxicity than other chemotherapeutic agents (from 100- to 1000-fold). Impor-
tantly, the potency of the cytotoxic payload should be directed by conjugating it to a
tumor-specific antibody.

ADC Structure

Monoclonal antibody (typically, 1gG)

« Internalization (receptor-mediated
endocytosis)

» Long circulation life

 With or without immune activation

» Minimal immunogenicity

Linker / Conjugation
Payload .' i

« Links the Ab and the payload

+ Highly toxic compound - Non-cleavable or cleavable

+ Typically, microtubule inhibitors, « Affects physicochemical properties
DNA synthesis inhibitors, or and stability in circulation
topoisomerase inhibitors

» Optimal DAR

Figure 2. Schematic representation of the ADC structure. The generic structure of the ADC consists
of three parts: the antibody, the payload and the linker between the payload and the antibody.
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Each component can influence the final efficacy and safety of an ADC. ADC develop-
ment must carefully consider each of these elements, including the selection of the target
antigen, antibody, cytotoxic payload, linker, and conjugation methods [1,22-27]. Current
ADCs have advanced in engineering the antibody, predominantly using conventional
immunoglobulin G (IgG) antibodies, which possess a high affinity that enables effective
internalization while preserving plasma half-life. Improvements have also been made
in the linker, conjugation site, small-molecule payload, and the average number of drug
molecules linked to each antibody or drug-to-antibody ratio (DAR). However, the relation-
ship between the heterogeneous intratumoral distribution and the efficacy of ADCs is still
poorly understood [6,22-31].

3.1. From Antibody to ADC
3.1.1. Linkers and Conjugation Process

The chemical linker that connects the antibody to the cytotoxic payload plays a crucial
role in ADC design. Various factors, such as the chemistry of the linker, the conjugation
strategy, and the site of conjugation, critically influence the pharmacokinetic and phar-
macodynamic properties of the ADC. Several approaches can be used for coupling the
linker to the antibody, including site-directed linkage to specific amino acids—which is the
most commonly used in clinical practice and approved ADCs—and random conjugation to
lysine or cysteine residues. Lysine linkage is based on the coupling of an amine from the
mADb and an activated carboxylic acid of the payload, while the cysteine-based coupling of
mAb reacts cysteine residues with a thiol-reactive functional group in the payload. These
two methods generate random conjugates with different DAR and low homogeneity, since
the payloads can couple on numerous residues along the mAb. However, other approaches
exist to incorporate non-natural amino acids through genetic engineering into the antibody
peptidic sequence with specific residual groups that favor site-directed conjugation [32,33].
The coupling of the payload to the mAb can also be generated by enzymatic strategies
leading to tightly controlled DARSs, as they show high site-specificity. The main enzyme-
mediated strategies are transpeptidation using sortase A, microbial transglutaminase or
N-Glycan engineering [34-36]. Protein conjugates, particularly in the production of bispe-
cific antibodies, represent a rapidly advancing field of interest, with evolving technologies
poised to advance conjugation techniques. This advancement enables the creation of site-
specific ADCs without necessitating extensive antibody engineering. Recent applications
have demonstrated the successful generation of potent bispecific antibodies, underscoring
the versatility of chemical methods and their potential in advancing targeted therapeutic
development. Specific site conjugation has significantly enhanced ADC development by
allowing for precise control over drug linkage sites, thus improving product uniformity
and therapeutic profile. While cysteine conjugation currently dominates among clinically
approved ADCs, emerging strategies like AJICAP and AJICAP-M hold promise to further
enhance the quality and versatility of ADCs [37]. The AJICAP and AJICAP-M technologies
are prominent examples of advanced conjugation techniques. AJICAP utilizes maleimide-
based chemistry to conjugate drugs to specific cysteine residues on antibodies. AJICAP-M
expands this technology to accommodate a broader range of drugs and antibodies with
varying specificities and affinities [38]. These conjugation methods offer significant advan-
tages, including the enhanced reproducibility and uniformity of conjugates, reduced drug
quantities required for conjugation with process optimization, improved purification, and
a minimized risk of free drug in the final product [38,39]. AJICAP-M enables the conju-
gation of a wider array of drugs using the same technique, thereby facilitating payload
diversification without significant procedural changes [38-40].

Linkers must maintain the ADC'’s stability in the bloodstream to ensure it reaches
the cancer cell intact, but they must also be able to be easily cleaved upon internalization
(cleavable linkers) to release the payload. Alternatively, non-cleavable linkers should form
an innocuous element after releasing the payload, allowing it to still exert its therapeutic
effect [6,22,23,25-31]. Cleavable linkers are designed to be processed at the tumor site,
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taking advantage of the unique properties of the tumor microenvironment over healthy
tissues or systemic circulation. They can be released from the antibody by changes in
pH or by enzymes present in the intercellular and intracellular space. These types of
linkers generate a membrane-permeable neutral payload capable of promoting bystander
killing [31,41-45]. The decision to select one of the two types of linkers hinges on the
anticipated therapeutic outcome and the specifics of the targeted tumor. Approximately
two-thirds of ADCs in clinical trials use cleavable linkers. The most frequently used are
dipeptide, disulfide, and enzyme-cleavable, particularly hydrazone, cathepsin B-responsive
disulfide and pyrophosphate diester linkers [34-36]. Non-cleavable linkers require the
degradation of the antibody component before the drug is released. This mechanism may
reduce the bystander effect. However, the advantages of non-cleavable linkers include
enhanced stability and a reduced risk of unintended side effects [41-43]. The use of
cleavable or non-cleavable linkers hinges on the anticipated therapeutic outcome and the
targeted tumor.

3.1.2. Payload

Conventional chemotherapeutic drugs, when used as ADCs, often fail to eliminate
malignant cells due to the low DAR and the limited number of antibody-targeting receptors
on a tumor cell’s surface [46]. Radioisotope biodistribution and intratumoral concentration
studies have shown that only approximately 1-2% of the administered dose of an ADC
reaches the tumor [3,22,47,48]. These data underscore the necessity for the chemotherapeu-
tic agent carried by the antibody to be potent enough to induce tumor cell killing at very
low concentrations. The payloads used for ADCs are typically far more toxic than conven-
tional chemotherapies, exhibiting sub-nanomolar or even picomolar cytotoxicity in vitro,
compared to the micromolar range of several common chemotherapies [47-52]. The ideal
cytotoxic payload for targeted cancer therapy should present low molecular weight, suit-
able solubility in water-based buffers, stability in the acidic lysosomal environment, and
the ability to retain cytotoxicity even after degradation into linker residue-payload form.
They should also exhibit low immunogenicity, since they play a crucial role in the tumor
immune microenvironment and can influence the immune response [50-55].

Compared to the nanomolar ICsy (half-maximal inhibitory concentration) values
typical of microtubule inhibitors, some DNA-damaging agents exhibit ICsy values in the
picomolar range. As a result, ADCs conjugated with DNA-damaging agents can sometimes
be more effective. They may operate independently of the cell cycle—unlike tubulin
inhibitors, which primarily act during mitosis—and can be effective even in cells with a
low expression of the targeted antigen [51,54-57].

The incorporation of non-traditional payloads into ADCs represents a revolutionary
development in the treatment of cancer. Conventional chemotherapy medicines frequently
have a limited therapeutic window, which results in substantial toxicities that reduce their
effectiveness. On the other hand, ADCs with non-traditional payloads use the accuracy of
mAbs to target cancer cells specifically, sparing healthy organs and minimizing systemic
adverse effects. The novel conjugations appear to be novel ADCs, which may be categorized
as follows:

e Radioimmunoconjugates (RICS): Over the past ten years, there has been a substantial
advancement in the conjugation of radioisotopes for both diagnosis and treatment.
This therapy directs irradiation from radionuclides to tumor targets by using mAbs
that bind to tumor antigens. The acceptance of Actinium and Lutetium conjugates has
cleared the path for numerous therapeutic pairings involving mAbs or VHHs, exhibit-
ing effectiveness in situations unresponsive to prior interventions. Notably, preclinical
research on several VHH antibodies, including those that target PDL1 and HER2, has
produced encouraging results. Additionally, by utilizing the human IgG1 Fc domain
to increase the serum half-life of a CAIX-VHH enzyme-inhibiting antibody, researchers
have created constructs that can be labeled with [*°Zr]Zr(IV) for preclinical PET/CT
imaging in mice suffering from colon cancer. Furthermore, [**Zr]Zr has proven to
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be an excellent radiolabeler for anti-CLDN18.2 VHH-ABD and anti-CLDN18.2 VHH-
Fc, enabling noninvasive imaging and the quantification of CLDN18.2 expression in
gastric cancer. These developments demonstrate how radioisotope conjugation can
improve targeted cancer treatments and theragnostics [58-66].

e Immune-stimulating antibody conjugates (ISACs): In the process of developing
new cancer drugs, immunological adjuvant compounds that interact with pattern-
recognition receptors (PRRs) have entered the stage. An innovative approach to
activating localized innate immunity involves the systemic administration of anti-
bodies linked with specific PRR agonists. ISACs have been shown to have potential
benefits over traditional ADCs that contain cytotoxic payloads, according to preclinical
assessments. Particularly promising are ISACs that used Toll-Like Receptor agonist
payloads (TLR7, TLRS, and TLR9) and Stimulators of Interferon Genes (STING) ag-
onist payloads. In order to learn more about the effectiveness of these cutting-edge
treatments, a phase I/1I clinical trial (NCT05954143) is presently recruiting patients
with advanced HER2-expressing solid tumors [62,63,67].

e Antibody-based protein degraders (degradation-activating compounds or DACs):
Agonists and targeted protein degraders (TPDs), using proteolytic targeting chimera
(PROTAC) and other molecular glue degraders-based strategies, have attracted con-
siderable attention in current research. In addition to the DACs designed to de-
grade specific cytosolic proteins, several labs have advanced methods to degrade cell
surface proteins using antibody-based approaches. These include antibody-based
PROTACs (AbTACs), which use antibodies as carriers to drive targeted protein degra-
dation, proteolysis-targeted antibodies (PROTABs), and lysosome-targeted chimeras
(LYTACsS) [68,69].

e Dual-drug ADC or bispecific drug conjugates and other constructs: Bispecific antibody—
drug conjugates (bsADC) combine the advantages of ADCs and bispecific antibodies.
Dual-specific targeting has the potential to improve the efficacy and safety of ADCs
by improving their specificity, affinity, and internalization potential. Preclinical stud-
ies have shown that the bispecific ADC concept could lead to the development of
more effective anticancer therapies than monospecific ADCs. One study reported
that co-administering a HER2 x prolactin receptor (PRLR) bispecific antibody (bsAb)
with an anti-HER2 ADC significantly enhanced the cytotoxic activity of the ADC,
with the bsADC HER2 x PRLR showing approximately a 100-fold reduction in
IC5p against the T47D/HER?2 cell line compared to the anti-HER2 ADC (0.4 nM
vs. 40 nM, respectively) [70]. Other strategies under investigation include a novel
bsADC targeting HER2 and HER3, which has shown high therapeutic efficacy in
treating breast cancer. These advances underscore the potential of bsADC to advance
precision cancer treatments [70-77].

The quantity of drug molecules bound to the antibody, known as the DAR, their hy-
drophobicity, intertumoral sensitivity, and whether or not they are substrates for multidrug
resistance (MDR)-like flow molecules are also important factors when selecting which
payload to use [78-81].

3.1.3. Mechanism of Action of Conjugated Antibodies

Pharmacologically, the action of an ADC can be outlined in four steps: systemic circu-
lation, the Enhanced Permeability and Retention (EPR) effect including passive targeting,
penetration within the tumor tissue, and action on cells, which encompasses active targeting
and controlled release. The canonical model for the mechanism of action of ADCs can be
divided into several stages: the binding of the mAb to the target antigen, the internalization
of the molecule, and finally, the cleavage of the linker with the release of the cytostatic
payload [50,79-81] (Figure 3a—c). After antigen binding on the cell surface, the ADC is
internalized by the tumor cell and endocytosed to form an early endosome. Here, the mAb
binds to the targeted antigens uniquely expressed in cancer cells via one of three main
pathways: clathrin-mediated endocytosis, caveolae-mediated endocytosis, or pinocytosis.
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The latter is antigen-independent, whereas the first two are antigen-dependent [6,80-83].
The antigen—-ADC complex is then internalized via receptor-mediated endocytosis and
trafficked into the lysosome (Figure 3b). Here, the ADC is processed according to the
physicochemical properties of the linker, and releases the cytotoxic warhead. Once in the
cytoplasm, the released drug ultimately triggers cell death or apoptosis, generally targeting
DNA or tubulin. Lipophilic drugs can diffuse from ADC target cells to neighboring cells,
killing them independently of their target expression, a mechanism known as the bystander
effect (Figure 3d). The antibody can either activate or inhibit target receptors. Designed to
specifically recognize and bind to antigens on certain cells, such as tumor cells, ADCs can
exert agonistic or antagonistic effects upon binding to their cell surface receptors. This in-
teraction can alter intracellular pathways, potentially inhibiting cell growth or metabolism
depending on the design and cellular context (Figure 3e). This effect not only increases
the cytotoxicity of ADCs, but also makes it possible to target tumors with heterogeneous
antigen expression, increasing the patient population that could benefit [6,22,29,81-86]. In
addition to the payload-induced killing mechanisms, classical antibody functions, such
as the inhibition of the downstream signaling pathways of the target receptor through
the Fab region, or Fc-mediated killing mechanisms, such as antibody-dependent cellular
cytotoxicity (ADCC) (Figure 3f) and complement-dependent cytotoxicity (CDC) (Figure 3g),
as well as antibody-dependent phagocytosis (ADCP) (Figure 3h), directly involve innate or
complementary immune effectors [6,56,85,87,88].

®e
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ADC _— & cell membrane ¢
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@

Figure 3. ADC mechanism of action. (a) Passive payload diffusion. The drug that has been
released from the antibody before binding to the antigen passively diffuses into the surrounding
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cells. (b) Targeted drug-delivery. The ADC binds to the antigen in the cell and is internalized by
endocytosis. Once the conjugated antibody binds to target cells, it can be internalized via endocytosis,
carrying along the payload. (c) It is degraded in lysosomes, releasing the drug that carries out its
intracellular action. Once bound to the target cells or inside the cell, the conjugate can release its pay-
load (e.g., a cytotoxic drug). This may lead to cell death. (d) Diffusion through the plasma membrane
with action on surrounding cells. (e) Antagonism or agonism of the target receptors. The antibody is
designed to specifically recognize and bind to the antigens present on the surface of certain types
of cells, such as tumor cells. Antibody—drug conjugates can have agonistic or antagonistic effects
when binding to their specific receptor on the cell surface, allowing them to modify intracellular
pathways and potentially inhibit cell growth or metabolism, depending on their design and specific
cellular context. (f) Some antibody—drug conjugates are engineered not only to directly target specific
cells by binding to their surface receptors but also to harness the immune system for enhanced cell
destruction. This can occur through mechanisms such as (g) antibody-dependent cell-mediated
cytotoxicity (ADCC), where immune cells like Natural Killer (NK) are activated to recognize and
kill the targeted cells. Additionally, antibody-dependent cellular phagocytosis (ADCP) involves
immune cells engulfing and digesting the marked cells, further contributing to their elimination.
(h) Complement-dependent cytotoxicity (CDC) is another mechanism employed, where the conju-
gates activate the complement system to induce cell lysis. These strategies collectively bolster the
therapeutic efficacy of antibody-drug conjugates by leveraging immune responses to eliminate target
cells more effectively.

However, while these Fc-mediated processes potentially enhance the ADCs” antitumor
effect, they may also adversely affect their safety profile by increasing healthy tissue
exposure through nonspecific drug diffusion, Fc-mediated uptake by immune cells, or
recycling via neonatal Fc receptors (FcRn) [89-100]. Additional factors influencing antibody
clearance include the mononuclear phagocyte system and FcRn-mediated recycling. FcRn
binds to ADCs within the endocytic vacuole and facilitates their export to the extracellular
compartment for recycling [89-100].

3.2. ADCs Evolution
3.2.1. First-Generation ADCs

In the early development of ADCs, murine antibodies linked to standard chemother-
apeutic agents were used, including mitomycin C, N-acetylmarflan, and anthracyclines
via stable, non-cleavable linkers such as succinimide or amide spacers. However, this
approach led to these antibodies being recognized as foreign by the human immune system,
which in turn produced human anti-mouse antibodies, resulting in the rapid elimination
of these ADCs from the human body. Moreover, the linkers were not sufficiently stable
in the bloodstream, contributing to the ADCs having a brief duration of action. Addi-
tionally, the cytotoxic agents sometimes failed to achieve the required levels of efficacy
due to their insufficient toxicity in place at the administered dosages [101-103]. This early
phase was exemplified by the launch of the first human clinical trial for an ADC in 1983,
which involved a conjugate of an anti-carcinoembryonic antigen—antibody conjugated with
vindesine. Administered to patients with various types of advanced metastatic carcino-
mas, this ADC was deemed safe and showed signs of effectiveness. However, the initial
challenges led to advancements in ADC technology, including the transition from murine
to humanized antibodies, enhancing their compatibility with the human immune system
and improving the overall therapeutic potential of ADCs [35,101-104]. Among the most
significant weaknesses that limited the efficacy of these initial ADCs were the low potency
of the chemotherapeutic agent, the instability of the binding of the drug to the antibody,
and low antigen selectivity [35,103-105].

3.2.2. Second-Generation ADCs

Second-generation ADCs feature improved characteristics of chemotherapy drugs,
being significantly more potent (100- to 1000-fold) and consisting of smaller molecules
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compared to first-generation ADCs. The use of stronger cytotoxic payloads, such as
maytansinoids and auristatins, which offer enhanced binding capabilities and improved
water solubility, represent a major advancement in the development of second-generation
ADCs. Additionally, modifications to linkers have enhanced plasma stability and ensured
a uniform DAR, further improving the therapeutic efficacy and safety of these advanced
therapeutic agents [6,35,103,105].

3.2.3. Third-Generation ADCs

Third-generation ADCs represent the most advanced constructs to date, featuring
improvements across all three components. They use more specific antibodies that are
humanized to reduce immunogenicity. The cargo includes more potent payloads. Addi-
tionally, these ADCs incorporate more stable linkers connected through more complex
chemistry. This advancement results in stable and reproducible DAR, enhancing their
stability in circulation and providing better therapeutic windows [6,26,35,103-108].

3.2.4. The Next Generations of ADCs

The next generations of ADCs must strive to overcome persistent limitations, par-
ticularly in improving tissue penetration and reducing off-target effects. One strategy to
achieve these objectives involves reducing the size of the antibody. VHHs are an anti-
body format with exceptional characteristics that make them highly promising for ADC
development (Table 1). The recent advances in this area are reviewed in the following
sections [17,26,63,71,109,110].

Table 1. Main characteristics of 1st, 2nd and 3rd ADC generations.

ADC Generation Antibody }Z?{i‘:{i; SI::;)SiIIIiI:y Hom];i;‘lous Toxicity Og;"{iaglglet
1st Murine + + + 4+ +++++
2nd Humanized +++ +++ +++ ++ ++
3rd Fully human +++++ ++++ ++++ + +

Future generations

Improvement in all components

3.3. Disadvantages of Conventional Antibodies for ADCs

mAD are complex macromolecules, frequently employed as targeting moieties, that
face several challenges. Factors such as susceptibility to misfolding in the variable re-
gion and high host immunogenicity significantly hinder the development and application
of antibody-based therapies. Furthermore, the large size of mAbs hinders their ability
to extravasate and effectively penetrate tissues to reach all target cells. Often, poor effi-
cacy arises from the non-uniform distribution of the mAb-based agent within the tumor.
Larger molecules diffuse much more slowly compared to the pressure-driven advective
transport [111-113].

Currently, there is no single class of antibodies that possesses all the desired prop-
erties required for effective targeting agents in ADCs, including low immunogenicity,
rapid distribution, the quick clearance of unbound molecules, and high accumulation in
tumors [114-116].

4. VHHSs as Nano-ADCs

HCADbs were found in Camelidae (Bactrian and camels, alpacas, and llamas), as well as
cartilaginous fish (e.g., sharks, rays, and skates). The camelid-derived VHHs are a unique,
functional single-domain of HCAD (Figure 4a). The variable domain of the heavy chain
in an HCAD retains high antigen-binding affinity despite presenting one-tenth of the MW
of a conventional IgG (12-17 kDa vs. ~150 kDa), being the smallest naturally derived
Ag-binding fragment [114-116].
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Figure 4. Structure of VHH and nADC. (a) Schematic representation of an HCAb, a VHH and a
nADC. (b) Schematic representation of the VHH structure and molecular 3D structure (PDB reference:
113V), where the complementarity determining regions (CDRs), known to be responsible for antigen
recognition, are displayed (CDR1, in green; CDR?2, in pink; CDR3, in blue).

4.1. VHH’s Physical, Chemical and Structural Properties

The crystal structure of the VHH domain revealed dimensions of 4 nm x 2.5 nm x 3 nm.
VHH domains have been found to be highly soluble and more stable than conventional an-
tibodies. They can be stored at 4 °C or —20 °C for months without significantly losing their
antigen-binding capacity. Furthermore, the homology between the VHH and VH domains of the
human Ig family VH III was found to be greater than 80%, suggesting that the VHH sequence
may induce a mild immunogenic response when used in cancer immunotherapy [111,116].

VHH domains can endure harsh conditions, such as a wide pH range (3-9) and
extreme chemical (e.g., 6-8 M urea concentration) and thermal denaturing conditions
(e.g., maintaining antigen-binding activity after prolonged incubation at 90 °C). This
robustness allows for various administration routes, such as intravenous, oral or
intraperitoneal [117,118]. Notably, VHH domains possess a fully hydrophilic surface,
enhancing their stability and solubility compared to IgG VH domains, and exhibit
significantly less aggregation during production or multimerization (e.g., tandem
VHH-based multispecific antibodies). The CDR3 loop in camelid VHH domains is
typically longer (3-28 amino acids) than in the conventional VH domains of human
IgG (8-15 amino acids). This extended CDR3, which determines recognition specificity,
increases the potential interaction surface with a target antigen in the absence of a
VL domain (Figure 4b). Interestingly, the longer CDR3 in VHH domains can form a
finger-like appendage that fits into a protein cleft, enabling the recognition of epitopes
that are inaccessible to larger antibodies such as mAbs. However, the small size of
the VHH domain results in rapid renal clearance (half-life ~2 h), which is a significant
disadvantage for their application in cancer treatment [111-116,119,120]. On the other
hand, the VHH fragment of the HCADb in serum shows a unique thermo-reversible
stability profile. VHHSs can withstand high temperatures due to their ability to refold
after heat denaturation [121-126]. Furthermore, VHHS remain stable under extreme
pH conditions, preserving their bioactivity in the stomach or intestine. This stability
allows for the design of treatments using various administration methods, including
intravenous injection, inhalation, and oral and intranasal delivery. Overall, the stable
biochemical and biophysical properties of VHH support their expanding applications
in various therapeutic areas [20,121,127-130].

4.2. VHH’s Biological Functions

VHHs have exceptional properties, including their small size and ability to penetrate
tumors in vivo, which enhance their tumor-targeting capabilities. Unlike conventional anti-
bodies, VHHs retain the same antigen-binding characteristics as a single immunoglobulin
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variable domain for antigen recognition [120]. Furthermore, VHHSs can access epitopes that
conventional antibodies cannot, such as clefts on a protein’s surface [131]. Uniquely, the
strict monomeric state of VHHSs facilitates independent antigen recognition and binding.
Another critical difference between the VHH domain of camelid antibodies and the VH
domain of conventional antibodies is found in the FR2 fragment. X-ray crystallography
analysis of the VHH protein-antigen complex has shown that hydrophobic amino acids in
the VHH FR?2 are replaced by hydrophilic amino acids in the FR2 of conventional antibodies.
Specifically, the amino acids Phe-42, Glu-49, Arg-50, and Gly-52 in the conventional VH-VL
cross-linking FR2 are substituted with Val, Gly, Leu, and Trp, respectively [113,132-137].
Additionally, the single-variable domains of VHHSs can readily form concave surfaces that
function as active sites or receptor-binding pockets. While the extension of the HV loop
increases flexibility, it can compromise the stability of the VHH domain’s internal structure.
To counteract the flexibility introduced by the longer H3 loop, an extra interloop disulfide
bond between the H1 and H3 loops reinforces the extended HV loop structure, thereby
enhancing antigen binding [138,139]. Additionally, the CDR3 region in VHHSs can form an
exposed ring structure, acting like a ‘finger’ that inserts into an antigen’s ‘pocket’, unlike
conventional antibodies that usually interact with flat surfaces. An extra cysteine residue
in CDR3 can also form a disulfide bond with an additional cysteine residue in either CDR1
or the framework region 2 (FR2), which enhances the stability of the VHH structure and
lowers the energy required for antigen binding [140,141].

The rate of passive diffusion of a molecule in tissue is inversely proportional to its
molecular size. Consequently, monovalent VHHs (12-17 kDa) exhibit faster vascular
permeability and better tissue penetration compared to conventional antibodies (~150 kDa)
enabling VHHs to achieve a more homogeneous distribution, such as in solid tumors. As
detailed in “Section VHHs penetration and transport through barriers”, some VHHs have
demonstrated the ability to cross the blood—brain barrier (BBB), offering enhanced potential
for the diagnosis and treatment of brain cancer, particularly in cases where the BBB is
disrupted [142-148]. A research study indicates that 177Lu-labeled anti-CD20 VHHSs remain
stable in human serum, with over 91% of the complexes intact 144 h post injection [149].
While they are stable, the low molecular weight of VHHs leads to rapid renal clearance.
However, VHHSs remain bound to the antigen for an extended period [150]. Supporting
this, several studies have demonstrated that !''In-labeled anti-HER2 VHHs exhibit high
specific uptake in HER2-positive brain tumors from 1 h to 3 d after injection. In contrast,
n-labeled mAb Trastuzumab shows high nonspecific uptake in highly vascularized
organs, such as the heart, spleen, and liver [147].

CDR3 regions play a crucial role in antigen binding by forming prominent grooves on
their surface, while other sections of CDR3 can penetrate deeply into the active site of a
lysozyme complex. These distinctive characteristics of the VHH fragment contribute to its
higher affinity, solubility, and anti-aggregation properties [141,151-154].

4.3. Characteristics of VHHs to Develop Novel ADCs

Since their discovery, over 100 VHHs have been isolated, targeting areas relevant to
oncology, in vivo imaging, hematology, and infectious diseases, as well as neurological
and inflammatory disorders. VHHs are particularly well-suited for these applications
because of their small size, target specificity, and long CDR3 loops, which help overcome
many of the limitations associated with small-molecule synthetic drugs, such as limited
specificity and off-target toxicity. These unique features of VHHSs, compared to mAbs,
present opportunities for developing VHH drug conjugates (nADCs or “nanoADCs”) with
distinct pharmacological benefits (Tables 2 and S1). nADCs can potentially rival traditional
ADCs due to their superior solid tumor penetration, enhanced stability, and their ability
to significantly inhibit cancer cell growth [120,131,132,155,156]. A distinctive capability of
VHHs is their ability to target epitopes in hard-to-reach locations that larger molecules,
such as conventional mAbs, often cannot access. VHHSs can bind in a ring-like fashion,



Cancers 2024, 16, 2681

14 of 35

allowing them to recognize epitopes typically inaccessible to standard antibodies, such as
ion channel domains and intracellular proteins [113,120,133-137].

Table 2. Major differences between mAbs and VHH.

mADb VHH
Size ~14.5 nm 2.5to 4 nm
MW 150 kDa 12-17 kDa
Antibody production Mammalian cell post-translational Mammalian or microbial, naked and no

modification needed

post-translational modification needed

Immunogenicity and complexity

High glycosylation and interactions with
immune cells via Fc/FcR

Low, no Fc/FcR interaction

More dependent on pH and temperature.

Wide pH range, extreme chemical and

Stability Aggregation with other proteins thermal Stabll‘lty'
Low aggregation
Clearance Hepatic, long half-life Renal, relatively short half-live
Tissue penetration Low High tissue permeability,

can cross the BBB

Epitope recognition

Strong, with a site that cannot be reached

Difficult recognition of hidden sites by normal antibodies

Production cost and standardization

High Relative low

Humanization and

structural modification

Can lose function or stability Easy modification

Affinity

nM-uM pM-nM

In summary, VHHs possess several ideal characteristics for drug conjugation, includ-
ing high thermal and chemical stability, excellent solubility and strict monomeric behavior.
Their small size (approximately 2.5 nm in diameter and 4 nm in length, My: ~12-17 kDa)
facilitates a better tissue penetration, while their relatively low production cost, ease of
modification by genetic engineering means, format flexibility, low immunogenicity, and
modularity further enhance their suitability for therapeutic applications [132,138,139].

VHHs' Penetration and Transport through Barriers

In homeostasis, the BBB prevents conventional antibodies from crossing into the brain
due to Fec-receptor-mediated efflux back into the bloodstream. The BBB’s permeability is
restricted to receptor-specific ligands or molecules that are lipophilic and have a molecular
weight under 400 Da, making it difficult to achieve therapeutic concentrations in the brain.
Consequently, only 0.01-0.4% of blood proteins, including therapeutic antibodies such as
IgG (150 kDa), can passively diffuse into the central nervous system (CNS) [145,157-159].
Some VHHs are described to naturally cross the BBB without external intervention by
adsorptive-mediated transcytosis. This mechanism involves VHHs with a high isoelec-
tric point (pI ~9.5) binding to anionic sites on endothelial cells, facilitating penetration.
Additionally, cell-penetrating peptides can be fused to VHHSs to enhance their ability to
cross cell membranes and the BBB. Device-based and physicochemical methods, such as
convection-enhanced delivery (CED), use microcatheters for direct brain infusion. Receptor-
mediated transcytosis exploits specific BBB receptors, such as the transferrin receptor, for
VHH transport via endocytosis and transcytosis [145]. Carrier systems like liposomes,
extracellular vesicles, and nanoparticles can also be used to deliver VHHs across the BBB,
increasing their bioavailability and effectiveness. Importantly, some pathological conditions
like cancer and inflammation can compromise the BBB’s integrity, allowing mAbs and
VHHs to enter the CNS [145,157-159].
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The use of VHHs enables a more targeted payload delivery to less accessible areas for
conventional antibodies [140-145,148,160,161], offering a solution to circumvent complica-
tions posed by barriers such as the BBB, blood-tumor barrier (BTB), and blood—synovial
barrier. VHHSs can be used in various ways, both alone and in combination. For exam-
ple, administering antibodies against the receptor covering the first perivascular line of
the tumor can saturate the blood—synovial barrier, and the VHHs would then be able to
enter deeper areas where the stability of the ADCs is compromised, but not that of the
nADCs [120,131,132,147,148,161].

4.4. The Plasticity of the VHH and the Opportunities for Conjugation

VHHs share many characteristics of mAbs that permit their conjugation to payloads,
but their simpler structure facilitates genetic modification without losing their affinity.
Conjugation can be performed using traditional protocols for lysine, cysteine or site-
directed conjugation. Notably, the surface of VHHs is rich in amino acids such as lysine,
aspartic acid, and glutamic acid, allowing for higher DARs (drug-to-VHH ratios) through
conjugation at these residues [149,151].

The structure of VHHSs and their lack of complex post-translational modifications
allows for the introduction of non-natural amino acids or cysteines for site-specific con-
jugation when compared to IgG antibodies. Site-directed conjugation is preferred, as the
presence of lysines in the CDR binding sites may compromise their affinity if a drug is
conjugated via these sites. Introducing an additional cysteine at a location distant from the
paratope, preferably at the C-terminal, can partly solve these issues. Other effective conju-
gation alternatives include sortase A, transglutaminase, and GTPase enzymes, although
they require scaffold modification to be site-specific [141,151-154].

In clinical settings, unconjugated antibodies are often well tolerated, allowing for high
doses that saturate receptors on the cell layers closer to the blood vessel and enable deeper
tumor penetration. However, the payload toxicity of ADCs limits the dosage and frequency
of administration, which can restrict tumor penetration, allowing for regrowth between
doses (typically administered every three weeks in current therapies). Thus, designing
treatment strategies that enhance tumor penetration could lead to greater efficacy and
improve clinical success rates for ADCs and other protein—drug conjugates [7,11,162,163].
In addition to binding affinity, antibody size influences tumor penetration. Decreasing
the size of a conjugate while maintaining affinity and specificity facilitates its entry into
solid tumors through blood vessels, significantly enhancing its therapeutic effect. As an
example, comparative studies in patient-derived organoid (PDO) models between an anti-
5T4 VHH-SN38 and a conventional anti-5T4-SN38 have demonstrated superior penetration
and greater tumor regression by the VHH [164].

Moreover, unlike conventional antibodies which may have prolonged circulation due
to interaction with FcRn-mediated receptors, VHHSs do not interact with FcRn, ensuring
that their transport to lysosomes is not compromised [165-167]. This characteristic can
lead to more effective payload release following lysosomal degradation. Finally, chemical
modifications to ADCs can impair stability, making them more sensitive to changes in the
intratumoral environment, leading to instability and the potential loss of interaction with
the paratope. VHHs, however, are stable under adverse conditions that help maintain their
functional integrity and effectiveness in tumor cell elimination [168-185].

4.5. VHHs as Carriers in Antibody—Drug Conjugates (nADCs)

To date, no single class of antibodies perfectly combines several ideal properties for
targeting the moieties of ADCs, including low immunogenicity, rapid distribution, the
fast clearance of unbound molecules, and high tumor accumulation. Despite substantial
interest in ADC therapies, high failure rates have been observed in the clinical setting [186].
Effective tumor accumulation is critical for the antitumor activity of ADCs, especially
against solid tumors, and depends on both tumor penetration/retention and antibody
pharmacokinetics (Figure 5). Consequently, smaller recombinant antibody fragments such
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as VHHs and fragment of antigen binding (Fab) of mAbs have been explored as alternatives
to intact mAbs for generating ADCs, but their clinical applications have been limited by
poor structural stability. Recently, a class of small, soluble antibodies derived from HCAbs
such as VHHSs have gained significant attention, due to their minimal molecular size
and high thermal stability [186-191] (Table S1). Along with their high specificity, their
solubility, low immunogenicity, and ease of production make VHHs ideal for constructing

“nano-ADC” (nADC).
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Figure 5. Graphical comparison of the properties of a conventional mAb versus VHH, including
the vascular diffusion, tumor penetration, renal and hepatic clearance rates, and the stability under
storage at a wide range of temperature conditions and stability at different pH.

The small size of VHHs facilitates excellent and rapid tumor penetration in vivo.
Additionally, this small size is crucial for our design, as it enables VHHSs to bring the
nADCs construct very close to the membrane after binding to the surface target [113]. This
capability makes nADCs a promising approach for next—generation targeted drug conju-
gates [172,192-199]. Furthermore, their smaller size and aqueous solubility enable quicker
tumor infiltration compared to mAbs. VHHS' superior specificity arises from their ability to
bind to epitopes that conventional mAbs cannot reach. Studies indicate that VHHSs achieve
higher tumor-to-background ratios in molecular imaging in vivo, due to their precise bind-
ing and accumulation in tumors, along with the rapid clearance of unbound constructs,
resulting in lower background signals and reduced toxicity. Importantly, VHHs exhibit
exceptional versatility, making them ideal for integrating various functional modules and
enhancing the clinical potential of nADCs. Overall, VHH—drug conjugates or nADCs are
emerging as a promising alternative to conventional ADCs [143,164,192,200-212].
Building on these advantages, VHHs also demonstrate good performance in imaging
applications. Their ability to achieve favorable target-to-noise ratios is evident in research
settings where VHHSs conjugated with radionuclides are used for cancer imaging. For
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instance, single-positron emission tomography (SPECT) or positron emission tomography
(PET) combined with micro-computed tomography (micro-CT) has effectively utilized
VHHs for imaging primary tumors and metastatic sites across various cancer models,
including melanoma, breast cancer, ovarian cancer, early pancreatic lesions, and advanced
pancreatic ductal adenocarcinoma. PET/CT imaging with VHHSs provides excellent clarity
and signal-to-noise ratios [150,156,173,213-216].

The advent of new technologies that increase the bioavailability of VHHSs will facilitate
their transition into clinical use. The main methods include:

o  Reduced glomerular filtration rate due to increased glomerular mass or hydrodynamic
radius. Strategies such as combining VHHs with nanoparticles and liposomes, or
modifying them with polyethylene glycol (PEG), are proving effective in enhancing
drug delivery to cancer cells. These approaches improve penetration into solid tumors
and reduce systemic toxicity [217-221].

e Binding to plasma proteins with extended half-life. To extend the half-life of VHHSs
and improve their efficacy, methods are being developed to optimize their affinity and
release dynamics. Advances include fusing VHHs with human serum albumin (HSA)
or the Fc domain. Other strategies include the “fenobody” platform developed by
Kelong Fan and colleagues, where VHHs targeting the H5N1 virus were displayed
on a 24-subunit ferritin oligomer. By replacing ferritin’s fifth helix with the VHH,
affinity and half-life were significantly improved, offering substantial advantages for
large-scale biotechnological applications and promoting the broader adoption of VHH
technology [220,222-226].

e  Structural and design modifications. Enhancing VHH efficacy against tumor antigens
involves techniques such as forming CDR rings, stabilizing secondary structures, or
creating bispecific and multispecific VHHSs to improve affinity, specificity, stability,
and solubility in challenging physiological environments [227-232].

4.6. Advances in the Development of nADCs

To date, no VHH-drug conjugates have entered clinical research, and all published
studies remain at the preclinical stage. These studies have explored the direct conjugation
of the nanoantibody to drugs using multiple forms and linkers, and in some cases, VHHs
have been used in conjunction with other formulations to deliver the drug. The main
conjugated payloads include doxorubicin, MMAE, cisplatin, and SN38 (Table 3). While
nADCs show promise in terms of therapeutic response, a thorough analysis suggests that
traditional cytotoxic agents may not be the most suitable choice for advancing their clinical
development. Matching the right payload with the appropriate linker and antibody formats
is crucial for optimizing nADC efficacy. More potent payloads, such as topoisomerase I
inhibitors, could enhance tumor penetrability. Although antimicrotubule inhibitors have
shown promising activity in preclinical studies with lymphomas and leukemias, their
effectiveness is generally lower in solid tumors compared to antitopoisomerase inhibitors.
New payloads, such as pyrrolobenzodiazepines, may be the most suitable for nADCs due
to their high potency. Regarding the limitations caused by toxicity [233], combining PBDs
with VHHSs might reduce toxicity, given VHHS’ shorter plasma retention time. Furthermore,
the enhanced penetrability of VHHs in solid tumors compared to conventional antibodies
could help maintain a strong antitumor response.
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Table 3. Preclinical studies of VHH-drug conjugates, where CEACAMS5: Carcinoembryonic Antigen-Related Cell Adhesion Molecule 5, PSMA: Prostate-Specific
Membrane Antigen, HER2: Human Epidermal Growth Factor Receptor 2, EGFR: Human Epidermal Growth Factor Receptor 1, VEGFR2: Vascular Endothelial Growth
Factor Receptor 2, NHS: N-hydroxysuccinimide ester, EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride), aMHC-II—Major Histocompatibility

Complex Class II.
VHH Target Payload Cancer/Cell Line Models Linker Method of Conjugation Ref.
Succinimidyl

. trans-4-maleimidylmethyl .

Anti-CD22-VHHs CD22 DM1 Lymphoma Maleimide [234]
cyclohexane-1- carboxylate
(SMCC)

. Solid tumor (Pancreas, ..

n501-SN38 Oncofetal antigen 5T4 SN38 . ClA2 Maleimide [164]
Breast, Ovarian, Colon)
B9-S84C CEACAMS5 Maytansinoid DM4 Solid tumor (Pancreas) MC-VC-PAB Maleimide [235]
Nb 11-1 CD147 Doxorrubicine CD147-positive tumors - Maleimide [236]
VHI1-HLE, VH2-VH1 DNA‘?S%’E;T% agent Prostate cancer CWR22Rv1

. 4 PSMA DU145 and DU145-PSMA - Maleimide [194]

VH2-VH1-HLE, and ]J591

indolinobenzodiazepine

DNA-alkylating monoimine cell lines

Prostate cancer pH-sensitive linker

NB7 PSMA Doxorrubicine : ) N-(3-maleimidopropionic Maleimide [237]
PC3-PIP and PC3-flu acid) hydrazide (BMPH),
Sortase-mediated
VHH7 aMHC-II DM1 Lymphoma - site-specific protein [173]
engineering
HuNbTROP2-HSA TROP2 MMAE Pancreatic cancer MC-VC-PAB, Maleimide [238]
VH-Fc 3C9 Mesothelin MMAE Solid tumor VC-PAB Maleimide [239]
Tetravalent biparatopic . .
anti-EGFR VHH—drug EGFR MMAE Solid tumor MC-VC-PAB Maleimide [240]
Compound S22 Synthetic

2Rs15d

VHH fused to Cupid protein

HER2 Duocarmycin HER?2 positive tumor duocarmyecin linked Psyche-duocarmycin

to Psyche

[241]
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Table 3. Cont.
VHH Target Payload Cancer/Cell Line Models Linker Method of Conjugation Ref.
PEGylated-antiEGFR Pt(IV) (prodrug of i . E Transglutaminase (mTGase)
VHH EGFR oxaliplatin) EGEFR positive cell lines Mal-Pt(IV) mediated ligation [242]
11A4 HER2 Auristatin F (AF) platinum-based Lx linker Maleimide [217]
HEK293 (human embryonic
. kidney cells)
VHI_I_II_ZSR)]Eéated VEGFR2 Methotrexate Breast cancer NHS/EDC Random lysines [243]
KDR293 (overexpressed for
VEGFR2 receptors)
Succinimidyl
o\ trans-4-maleimidylmethyl .
scPDL1-DM1 PDL1 DM1 PDL1 positive cells Maleimide [244]
cyclohexane-1- carboxylate
(SMCCQ)
N, 7D12-9G8 EGFR Cisplatin A375, A431, Solid tumors Mal-pt Maleimide [245]
N-[o-(2-[N-
Single-chain anti-HER2 HER2 Doxorubicine BT474-M3, NCI-N87 maleimidopropyonylamido)- Maleimide [246]

PEG-omega-oxycarbonyl]-
DSPE
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4.7. Disadvantages of VHH for nADCs and Possible Improvements
4.7.1. Fast Clearance and Renal Retention

One of the main disadvantages of using single-domain antibodies or other small pro-
tein scaffolds, compared with traditional mAbs, resides in their rapid renal clearance [219].
The short half-life of VHHSs in blood circulation is advantageous for imaging applications,
where rapid clearance allows for a faster visualization and optimization of images while
minimizing toxicity. However, this rapid clearance can compromise therapeutic actions
that require a more prolonged presence in the bloodstream.

Of note, it has been shown that the number of polar residues in the C-terminal amino
acid tag (e.g., poly-Histidine tags) significantly contributes to the kidney retention of VHHs.
This is particularly relevant in preclinical trials, where different tags are used for antibody
purification. Furthermore, these tags can be immunogenic. Although many clinically
promising manufactured proteins are His-tagged, there is public concern about using
this type of tag. Both the FDA and the European Medicines Agency (EMA) discourage
its use due to potential undesired immune responses, despite the lack of official public
specifications [247].

Kidney accumulation is not desirable for therapies that may inadvertently concentrate
the carried toxicant in the glomerulus, leading to consistent local action. Therefore, multiple
strategies have been investigated to reduce renal retention. Despite their quick diffusion
through the vasculature, ability to deeply penetrate tumors, and excellent affinity, these
factors can potentially offset the need for an extended half-life. In preclinical studies, VHHs
have demonstrated superior tumor responses compared to conventional ADCs targeting
the same antigens, even without the need for repeated dosing [217,219,248].

The short half-life can be addressed with additional formulations, as described above,
including PEGylation, fusion to serum proteins, multimerization, or fusion to an IgG Fc-
domain, etc. Different administration strategies, such as continuous infusion devices or
repeated doses, can also be employed [248-253].

A novel VHH that binds to serum albumin of different species has been discovered in
native VHH libraries, facilitating its assembly into bispecific and multispecific antibodies
to prolong the pharmacokinetic profile of the molecules [254]. For example, a bivalent
anti-VEGF VHH demonstrated a 1.8-fold longer half-life compared to the monovalent form.
PEGylation resulted in a 12-fold increase in the half-life of an anti-CEA /CD3 bispecific
VHH [238,253,255-261]. Clinical proof-of-concept of the extended half-life achieved in this
manner has been demonstrated for an anti-IL-6R and anti-TNF VHH, fused to a serum
albumin-binding VHH used in treating rheumatoid arthritis [262].

The kidney retention of radiolabeled VHHs can be significantly reduced by using an
untagged C-terminus in conjunction with the plasma expander gelofusine [263]. VHHs
produced without the C-terminal His-tag (a common production method) exhibit a 60%
reduction in kidney uptake compared to tagged VHHSs [264,265]. Specifically, untagged
VHHs show a 70% decrease in kidney accumulation compared to Myc-His-tagged VHHs,
and co-infusion with gelofusine results in a 90% reduction in kidney accumulation [263].
The administration of isotypes or “cold” VHHs, as they are also known, can be an attractive
dual strategy as they can be used to cause initial unspecific renal retention, leading to
improved clearance of nADCs. Recently, conjugation strategies using enzymes such as
sortase or transglutaminase have been shown to concurrently remove or obliterate the need
for purification tags, such as the His-tag. This results in VHHSs that are less likely to be
retained in the kidneys [149,266-268].

Rapid clearance requires repeated drug applications, which may affect the develop-
ment of therapeutic responses and patients” quality of life. The ADCs approved to date
are administered at intervals of several weeks, but this schedule is also influenced by
the pharmacokinetics of the antibodies used and the toxicity associated with their use.
This schedule is also influenced by the pharmacokinetics of the antibodies used and the
associated toxicity.
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4.7.2. Is the Rapid Clearance of VHHSs Necessarily a Disadvantage?

ADCs are revolutionizing cancer treatment. Their mechanisms of action and associated
toxicities, which are unprecedented compared to other therapies, challenge traditional
dogmas about bioavailability. The variability in responses to the same ADC depends on the
tumor type. The occurrence of severe toxicities such as neutropenia, keratitis, interstitial
lung disease, and even fatalities, highlights the need for a better understanding of these
drugs [269-272]. Many toxicities have been linked to the instability of the compound in
the bloodstream, its off-target effects, and nonspecific interactions with blood cells, as
previously mentioned. We propose that rather than it being a problem, the rapid vascular
permeability and distribution to tissues, swift and deep tumor penetration, and clearance
of VHH-based ADCs or nADCs could offer an opportunity and could be leveraged as a
strategy to reduce toxicity.

4.8. Final Consideration: Improving the Efficacy in Solid Tumors ADCs versus nADCs: Strategies
to Overcome Major Barriers

The uptake and penetration of mAbs in tumors are constrained by several tumor-
specific pathophysiological factors, including elevated interstitial fluid pressure, a dense
extracellular matrix, and an aberrant vascular network. These limitations stem from the in-
herent design of an ADC, which targets an overexpressed and rapidly internalizing antigen
on tumor cells. The impact of these barriers may be more pronounced for ADCs compared
to conventional mAbs, due to the lower doses typically used in clinical settings [273-275].

The delivery of biologicals to the CNS presents a significant challenge, primarily due
to the presence of various barriers separating the CNS from the periphery. These barriers
include the BBB, acting as a highly selective and regulated filter that tightly controls the
passage of substances between the bloodstream and the brain parenchyma (Figure 6).
Only ~0.1% of circulating macromolecules can cross the BBB, severely limiting the use
of biologics in treating CNS-related diseases. In a state of homeostasis, the integrity of
the BBB makes it difficult for conventional antibodies to cross spontaneously, largely due
to Fc-receptor-mediated efflux back into the bloodstream. Consequently, the transfer of
biopharmaceuticals across the BBB remains a significant obstacle in developing therapeutics
targeting the CNS. This challenge is exacerbated in the case of ADCs, where the antibodies
not only carry a payload but also undergo modifications that affect their structure, size,
and interaction with the endothelium. Instability within the CNS, resulting in premature
drug release before reaching the target tumor, can lead to increased neurological toxicity
and severe complications [145,157,276].

The blood—tumor barrier (BTB) refers to the physical and biological barriers between
the circulatory system and solid tumors. Analogous to the BBB, the BTB is observed in
tumors located outside the central nervous system. Endothelial cells lining the blood
vessels within the tumor often display abnormal organization and altered intercellular
junctions. Additionally, the tumor microenvironment features a dense and disorganized
extracellular matrix, which poses challenges to the penetration of therapeutic agents [277].
While blood vessels in tumors may exhibit increased permeability compared to normal
vasculature, this permeability is heterogeneous and does not necessarily ensure uniform
drug distribution. Furthermore, tumors typically exhibit high interstitial pressure, which
may hinder the vascular permeability of therapeutic agents from blood vessels into the
tumor mass [278,279].

A very high affinity of an antibody can result in restricted tumor penetration and
heterogeneous tumor distribution, with preferential binding of the antibody to tumor cells
localized around tumor vasculature. The binding site barrier (BSB) hypothesis, originally
proposed by John N. Weinstein [280], explains the non-uniform distribution of mAbs in
tumor nodules [281-283]. He suggested that cell populations near the blood vessels with
high antigen density and binding affinity likely elicit a strong BSB. Multiple solid tumor
systems, such as pancreatic ductal adenocarcinoma (PDAC), non-small cell lung cancer
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(NSCLC), aggressive urothelial carcinoma, and some breast cancers exhibit this pattern,
revealing tumor-associated fibroblasts as a major component of the BSB [284-286].
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Figure 6. The transport of ADCs and nADCs across the blood-brain barrier (BBB) and the binding
site barrier (BSB). The BBB restricts the movement of substances from the bloodstream into the brain
parenchyma, whereas the BSB limits the penetration of antibodies (mAbs) and VHHs into tumors,
leading to the uneven distribution of ADCs and nADCs. Compared to mAb-based ADCs, nADCs
exhibit enhanced ability to traverse both the BBB and BSB, facilitating more effective delivery to brain
and tumor tissues. TEM: Tumor microenvironment.

These barriers cause ADCs to remain in the surrounding tumor vasculature, prevent-
ing their distribution to central tumoral areas. Despite the potential of mAbs to better
permeate cancer than normal tissues due to the typical leaky tumor vasculature, their large
size poses a challenge to efficient solid tumor treatment, explaining the prevalent early
application and clinical success of ADCs in hematological malignancies. VHHs, with their
ability to penetrate deeply into tumors much faster than conventional antibodies and their
stability at low pH, make them ideal for crossing the described barriers and reaching tumor
areas that are normally niches for cancer stem cells and largely resistant to conventional
therapies [6,41,84,186,283,284,287-289].

Although no such small-format conjugates have yet reached market approval, encour-
aging preclinical and preliminary clinical results hold promise for nADCs for the future
implementation of these smaller formats in the clinical arsenal.

5. Conclusions

Single-domain antibodies offer unique advantages, including small size, high sta-
bility, specificity, ease of production, and low immunogenicity, positioning them as a
promising tool for future ADC constructs. Dose-limiting hematologic toxicities, partic-
ularly thrombocytopenia and neutropenia, represent some of the most serious adverse
events commonly associated with approved ADCs. These toxicities are primarily attributed
to antigen-independent off-tumor targeting, which can arise from several mechanisms.
The uptake of intact ADCs into normal cells can occur through nonspecific endocytosis
or via internalization after binding to the target antigen or Fc/C-type lectin receptors.
In the extracellular fluid, payloads released from ADC deconjugation or from apoptotic
cells—both targeted and non-targeted—can also enter normal cells. This entry can happen
through passive diffusion for membrane-permeable payloads or nonspecific endocytosis
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for membrane-impermeable linker-payload complexes [23,290]. VHHs offer a promising
solution to mitigate these issues due to their small size, high stability, specificity, ease of
production, and low immunogenicity. Their unique properties make VHHSs a valuable tool
for improving the safety and efficacy of future ADC constructs.

While VHHSs remain bound to the antigen for an extended period, a significant chal-
lenge with VHH-based ADCs (nADCs) could reside in their rapid renal clearance, which
could require high and frequent dosing. While various techniques have been explored to
increase the VHH half-life extension in the bloodstream, their effectiveness in enhancing
the efficacy or safety of nADCs through prolonged exposure remains inconclusive and
warrants further research. Addressing these challenges could potentially improve the
pharmacological and safety profiles of nADCs, enabling the more precise and effective
targeting of cancer cells.

6. Limitations of the Study

The study’s limitations include the restricted timeframe from 1 January 2014 to 30 June
2024, which may exclude other relevant studies published before or after this period. There
is a language bias, as only articles in English and Spanish that are available online were
included, thus missing studies published in other languages. The study relies on specific
databases (PubMed, Cochrane Library, ScienceDirect and LILACS), potentially overlooking
relevant studies from other sources. The broad inclusion criteria may lead to varying levels
of evidence and quality among the selected studies. There is also a potential for publication
bias due to the inclusion of only online articles. The findings may not be generalizable to all
ADCs. These limitations should be considered when interpreting the study’s conclusions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16152681/s1, Table S1: Major differences between mAbs,
VHHs and VHH-Fcs.

Author Contributions: Conceptualization, VM.M.P. and A ].S.; methodology, VM.M.P,, M.B. and
A].S.; software, VM.M.P. and M.B.; formal analysis, VM.M.P, M.B. and A ].S.; investigation, VM.M.P,,
M.B. and A].S.; writing—original draft preparation, VM.M.P,, M.B. and A.].S.; writing—review
and editing, VM.M.P, M.B. and A.].S,; supervision, A.].S.; project administration, A.J.S.; funding
acquisition, A.J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ayudas a la investigacion del cancer infantil from Aso-
ciacién de Padres de Nifios con Céncer de Aragon (ASPANOA, grant number nanoCAR-NK92),
Instituto de Salud Carlos III through the Fondo de Investigacion en Salud Project “P121/00441” and
co-funded by European Union (ERDF, “A way to make Europe”), the XVII Beca GEIS José Maria
Buesa, “III Convocatoria de Premios a Proyectos de Innovacion para la Detecciéon Precoz del Cancer
de Pulmén” (The Lung Ambition Alliance) the XIII Beca FERO en Investigacion Oncolégica Trasla-
cional from Fundacién FERO (A.].S.). Ayudas para iberoamericanos y ecuatoguineanos en Estudios
de Doctorado-Curso 2022/2023, convocada por la Universidad de Zaragoza en colaboraciéon con
Santander Universidades. (V.M.M.P.). Programa Investigo (I-026-INVESCS-22) (M.B.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors thank the Molecular Oncology Lab members at IIS Aragon for their
critical reading of the manuscript. The contribution of A.J.S. to the review honors the memory of M?
Victoria Arruga.

Conflicts of Interest: The authors declare no conflicts of interest. A.]J.S. is a shareholder of Oniria
Therapeutics and A.J.S. and M.B.L. are founders of Great Air S.L. These two companies are not related
to this research.


https://www.mdpi.com/article/10.3390/cancers16152681/s1
https://www.mdpi.com/article/10.3390/cancers16152681/s1

Cancers 2024, 16, 2681 24 of 35

References

1. Shi, J.; Kantoff, PW.; Wooster, R.; Farokhzad, O.C. Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev.
Cancer 2017, 17, 20-37. [CrossRef] [PubMed]

2. Marei, H.E,; Cenciarelli, C.; Hasan, A. Potential of Antibody-Drug Conjugates (ADCs) for Cancer Therapy. Cancer Cell Int. 2022,
22,255. [CrossRef] [PubMed]

3. Diamantis, N.; Banerji, U. Antibody-Drug Conjugates—An Emerging Class of Cancer Treatment. Br. J. Cancer 2016, 114, 362-367.
[CrossRef] [PubMed]

4. Lu, R-M,; Hwang, Y.-C,; Liu, L.-].; Lee, C.-C.; Tsai, H.-Z.; Li, H.-].; Wu, H.-C. Development of Therapeutic Antibodies for the
Treatment of Diseases. J. Biomed. Sci. 2020, 27, 1. [CrossRef] [PubMed]

5. Paul, S.; Konig, M.E,; Pardoll, D.M.; Bettegowda, C.; Papadopoulos, N.; Wright, K.M.; Gabelli, S.B.; Ho, M.; van Elsas, A.; Zhou, S.
Cancer Therapy with Antibodies. Nat. Rev. Cancer 2024, 24, 399-426. [CrossRef] [PubMed]

6. Fu,Z;Li S;Han,S,; Shi, C.; Zhang, Y. Antibody Drug Conjugate: The “Biological Missile” for Targeted Cancer Therapy. Signal
Transduct. Target. Ther. 2022, 7, 93. [CrossRef] [PubMed]

7.  Strebhardt, K.; Ullrich, A. Paul Ehrlich’s Magic Bullet Concept: 100 Years of Progress. Nat. Rev. Cancer 2008, 8, 473-480. [CrossRef]

8.  Hafeez, U,; Gan, H.K.; Scott, A.M. Monoclonal Antibodies as Inmunomodulatory Therapy against Cancer and Autoimmune
Diseases. Curr. Opin. Pharmacol. 2018, 41, 114-121. [CrossRef] [PubMed]

9.  Kaplon, H.; Reichert, ]. M. Antibodies to Watch in 2021. MAbs 2021, 13, 1860476. [CrossRef] [PubMed]

10. Pang, B. Monoclonal Antibodies: Current Status and Future Innovations in Targeted Therapy. Highlights Sci. Eng. Technol. 2023,
74, 59-65. [CrossRef]

11.  Birrer, M.].; Moore, K.N.; Betella, I.; Bates, R.C. Antibody-Drug Conjugate-Based Therapeutics: State of the Science. [NCI J. Natl.
Cancer Inst. 2019, 111, 538-549. [CrossRef] [PubMed]

12.  Kumari, S; Raj, S.; Babu, M. A ; Bhatti, G.K,; Bhatti, ].S. Antibody-Drug Conjugates in Cancer Therapy: Innovations, Challenges,
and Future Directions. Arch. Pharm. Res. 2024, 47, 40-65. [CrossRef] [PubMed]

13. Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hammers, C.; Songa, E.B.; Bendahman, N.; Hammers, R.
Naturally Occurring Antibodies Devoid of Light Chains. Nature 1993, 363, 446-448. [CrossRef] [PubMed]

14. Greenberg, A.S.; Avila, D.; Hughes, M.; Hughes, A.; McKinney, E.C.; Flajnik, M.F. A New Antigen Receptor Gene Family That
Undergoes Rearrangement and Extensive Somatic Diversification in Sharks. Nature 1995, 374, 168-173. [CrossRef] [PubMed]

15.  Sun, Z.; Li, W.; Mellors, ].W.; Orentas, R.; Dimitrov, D.S. Construction of a Large Size Human Immunoglobulin Heavy Chain
Variable (VH) Domain Library, Isolation and Characterization of Novel Human Antibody VH Domains Targeting PD-L1 and
CD22. Front. Immunol. 2022, 13, 869825. [CrossRef] [PubMed]

16. Li, C; Zhan, W,; Yang, Z.; Tu, C.; Hu, G.; Zhang, X.; Song, W.; Du, S.; Zhu, Y.; Huang, K.; et al. Broad Neutralization of
SARS-CoV-2 Variants by an Inhalable Bispecific Single-Domain Antibody. Cell 2022, 185, 1389-1401. [CrossRef] [PubMed]

17. Morrison, C. Nanobody Approval Gives Domain Antibodies a Boost. Nat. Rev. Drug Discov. 2019, 18, 485-487. [CrossRef]
[PubMed]

18. Food and Drug Administration, F. Drug Trials Snapshots. Available online: https://www.fda.gov/drugs/drug-approvals-and-
databases/drug-trials-snapshot-cablivi (accessed on 23 June 2024).

19. Danis, C.; Dupré, E.; Zejneli, O.; Caillierez, R.; Arrial, A.; Bégard, S.; Mortelecque, J.; Eddarkaoui, S.; Loyens, A.; Cantrelle, F-X,;
et al. Inhibition of Tau Seeding by Targeting Tau Nucleation Core within Neurons with a Single Domain Antibody Fragment. Mol.
Ther. 2022, 30, 1484-1499. [CrossRef] [PubMed]

20. Arbabi-Ghahroudi, M. Camelid Single-Domain Antibodies: Promises and Challenges as Lifesaving Treatments. Int. J. Mol. Sci.
2022, 23, 5009. [CrossRef] [PubMed]

21. PRISMA PRISMA Statement. Available online: http://www.prisma-statement.org/ (accessed on 23 June 2024).

22. Dumontet, C; Reichert, ].M,; Senter, P.D.; Lambert, ].M.; Beck, A. Antibody-Drug Conjugates Come of Age in Oncology. Nat. Rev.
Drug Discov. 2023, 22, 641-661. [CrossRef] [PubMed]

23. Tarantino, P; Ricciuti, B.; Pradhan, S.M.; Tolaney, S.M. Optimizing the Safety of Antibody-Drug Conjugates for Patients with
Solid Tumours. Nat. Rev. Clin. Oncol. 2023, 20, 558-576. [CrossRef] [PubMed]

24. Hafeez, U,; Parakh, S.; Gan, H.K,; Scott, A.M. Antibody-Drug Conjugates for Cancer Therapy. Molecules 2020, 25, 4764. [CrossRef]
[PubMed]

25. Drago, ].Z.; Modi, S.; Chandarlapaty, S. Unlocking the Potential of Antibody-Drug Conjugates for Cancer Therapy. Nat. Rev. Clin.
Oncol. 2021, 18, 327-344. [CrossRef] [PubMed]

26. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaia, N. Strategies and Challenges for the next Generation of Antibody—Drug Conjugates.
Nat. Rev. Drug Discov. 2017, 16, 315-337. [CrossRef] [PubMed]

27. Matsumura, Y.; Maeda, H. A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: Mechanism of Tu-
moritropic Accumulation of Proteins and the Antitumor Agent Smancs. Cancer Res. 1986, 46, 6387-6392. [PubMed]

28. Matsumura, Y. The Drug Discovery by Nanomedicine and Its Clinical Experience. J. Clin. Oncol. 2014, 44, 515-525. [CrossRef]
[PubMed]

29. Joubert, N.; Beck, A.; Dumontet, C.; Denevault-Sabourin, C. Antibody-Drug Conjugates: The Last Decade. Pharmaceuticals 2020,

13, 245. [CrossRef]


https://doi.org/10.1038/nrc.2016.108
https://www.ncbi.nlm.nih.gov/pubmed/27834398
https://doi.org/10.1186/s12935-022-02679-8
https://www.ncbi.nlm.nih.gov/pubmed/35964048
https://doi.org/10.1038/bjc.2015.435
https://www.ncbi.nlm.nih.gov/pubmed/26742008
https://doi.org/10.1186/s12929-019-0592-z
https://www.ncbi.nlm.nih.gov/pubmed/31894001
https://doi.org/10.1038/s41568-024-00690-x
https://www.ncbi.nlm.nih.gov/pubmed/38740967
https://doi.org/10.1038/s41392-022-00947-7
https://www.ncbi.nlm.nih.gov/pubmed/35318309
https://doi.org/10.1038/nrc2394
https://doi.org/10.1016/j.coph.2018.05.010
https://www.ncbi.nlm.nih.gov/pubmed/29883853
https://doi.org/10.1080/19420862.2020.1860476
https://www.ncbi.nlm.nih.gov/pubmed/33459118
https://doi.org/10.54097/2cbkc332
https://doi.org/10.1093/jnci/djz035
https://www.ncbi.nlm.nih.gov/pubmed/30859213
https://doi.org/10.1007/s12272-023-01479-6
https://www.ncbi.nlm.nih.gov/pubmed/38153656
https://doi.org/10.1038/363446a0
https://www.ncbi.nlm.nih.gov/pubmed/8502296
https://doi.org/10.1038/374168a0
https://www.ncbi.nlm.nih.gov/pubmed/7877689
https://doi.org/10.3389/fimmu.2022.869825
https://www.ncbi.nlm.nih.gov/pubmed/35464476
https://doi.org/10.1016/j.cell.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35344711
https://doi.org/10.1038/d41573-019-00104-w
https://www.ncbi.nlm.nih.gov/pubmed/31267082
https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot-cablivi
https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot-cablivi
https://doi.org/10.1016/j.ymthe.2022.01.009
https://www.ncbi.nlm.nih.gov/pubmed/35007758
https://doi.org/10.3390/ijms23095009
https://www.ncbi.nlm.nih.gov/pubmed/35563400
http://www.prisma-statement.org/
https://doi.org/10.1038/s41573-023-00709-2
https://www.ncbi.nlm.nih.gov/pubmed/37308581
https://doi.org/10.1038/s41571-023-00783-w
https://www.ncbi.nlm.nih.gov/pubmed/37296177
https://doi.org/10.3390/molecules25204764
https://www.ncbi.nlm.nih.gov/pubmed/33081383
https://doi.org/10.1038/s41571-021-00470-8
https://www.ncbi.nlm.nih.gov/pubmed/33558752
https://doi.org/10.1038/nrd.2016.268
https://www.ncbi.nlm.nih.gov/pubmed/28303026
https://www.ncbi.nlm.nih.gov/pubmed/2946403
https://doi.org/10.1093/jjco/hyu046
https://www.ncbi.nlm.nih.gov/pubmed/24755547
https://doi.org/10.3390/ph13090245

Cancers 2024, 16, 2681 25 of 35

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Riccardi, F.; Dal Bo, M.; Macor, P.; Toffoli, G. A Comprehensive Overview on Antibody-Drug Conjugates: From the Conceptual-
ization to Cancer Therapy. Front. Pharmacol. 2023, 14, 1274088. [CrossRef] [PubMed]

Jin, Y.; Schladetsch, M.A.; Huang, X.; Balunas, M.].; Wiemer, A.]. Stepping Forward in Antibody-Drug Conjugate Development.
Pharmacol. Ther. 2022, 229, 107917. [CrossRef] [PubMed]

Walsh, S.J.; Bargh, ].D.; Dannheim, EM.; Hanby, A.R.; Seki, H.; Counsell, A.J.; Ou, X.; Fowler, E.; Ashman, N.; Takada, Y.; et al.
Site-Selective Modification Strategies in Antibody—Drug Conjugates. Chem. Soc. Rev. 2021, 50, 1305-1353. [CrossRef] [PubMed]

Roy, G.; Reier, J.; Garcia, A.; Martin, T.; Rice, M.; Wang, J.; Prophet, M.; Christie, R.; Dall’Acqua, W.; Ahuja, S.; et al. Development
of a High Yielding Expression Platform for the Introduction of Non-Natural Amino Acids in Protein Sequences. MAbs 2020, 12,
1684749. [CrossRef] [PubMed]

Pettinato, M.C. Introduction to Antibody-Drug Conjugates. Antibodies 2021, 10, 42. [CrossRef]

Tsuchikama, K.; An, Z. Antibody-Drug Conjugates: Recent Advances in Conjugation and Linker Chemistries. Protein Cell 2018, 9,
33-46. [CrossRef] [PubMed]

Yao, H.; Jiang, E; Lu, A.; Zhang, G. Methods to Design and Synthesize Antibody-Drug Conjugates (ADCs). Int. . Mol. Sci. 2016,
17, 194. [CrossRef] [PubMed]

El Alaoui, M,; Sivado, E.; Jallas, A.-C.; Mebarki, L.; Dyson, M.R.; Perrez, E.; Valsesia-Wittmann, S.; El Alaoui, S. Antibody and
Antibody Fragments Site-Specific Conjugation Using New Q-Tag Substrate of Bacterial Transglutaminase. Cell Death Discov. 2024,
10, 79. [CrossRef]

Matsuda, Y.; Shikida, N.; Hatada, N.; Yamada, K,; Seki, T.; Nakahara, Y.; Endo, Y.; Shimbo, K.; Takahashi, K.; Nakayama, A.; et al.
AJICAP-M: Traceless Affinity Peptide Mediated Conjugation Technology for Site-Selective Antibody—Drug Conjugate Synthesis.
Org. Lett. 2024, 26, 5597-5601. [CrossRef] [PubMed]

Matsuda, Y.; Kliman, M.; Mendelsohn, B.A. Application of Native Ion Exchange Mass Spectrometry to Intact and Subunit Analysis
of Site-Specific Antibody-Drug Conjugates Produced by AJICAP First Generation Technology. J. Am. Soc. Mass Spectrom. 2020, 31,
1706-1712. [CrossRef]

Matsuda, Y.; Chakrabarti, A.; Takahashi, K.; Yamada, K.; Nakata, K.; Okuzumi, T.; Mendelsohn, B.A. Chromatographic Analysis
of Site-Specific Antibody-Drug Conjugates Produced by AJICAP First-Generation Technology Using a Recombinant Fcyllla
Receptor-Ligand Affinity Column. . Chromatogr. B 2021, 1177,122753. [CrossRef]

Baah, S.; Laws, M.; Rahman, K.M. Antibody-Drug Conjugates—A Tutorial Review. Molecules 2021, 26, 2943. [CrossRef] [PubMed]
Sheyi, R.; dela Torre, B.G.; Albericio, F. Linkers: An Assurance for Controlled Delivery of Antibody-Drug Conjugate. Pharmaceutics
2022, 14, 396. [CrossRef]

Su, Z.; Xiao, D.; Xie, E; Liu, L.; Wang, Y,; Fan, S.; Zhou, X; Li, S. Antibody—Drug Conjugates: Recent Advances in Linker
Chemistry. Acta Pharm. Sin. B 2021, 11, 3889-3907. [CrossRef] [PubMed]

Kostova, V.; Désos, P; Starck, J.-B.; Kotschy, A. The Chemistry Behind ADCs. Pharmaceuticals 2021, 14, 442. [CrossRef] [PubMed]
Hotha, K.K. The ABC of ADCs (Antibody-Drug Conjugates): A Comprehensive Review of Technical, Regulatory, and Clinical
Challenges. Adv. Chem. Eng. Sci. 2023, 13, 363-381. [CrossRef]

Mukherjee, S.; Bhatti, G.K.; Chhabra, R.; Reddy, P.H.; Bhatti, J.S. Targeting Mitochondria as a Potential Therapeutic Strategy
against Chemoresistance in Cancer. Biomed. Pharmacother. 2023, 160, 114398. [CrossRef] [PubMed]

Samantasinghar, A.; Sunildutt, N.P.; Ahmed, F; Soomro, A.M.; Salih, A.R.C.; Parihar, P.; Memon, FH.; Kim, K.H.; Kang, L.S.; Choi,
K.H. A Comprehensive Review of Key Factors Affecting the Efficacy of Antibody Drug Conjugate. Biomed. Pharmacother. 2023,
161, 114408. [CrossRef]

Yadav, A.; Mandal, M.K.; Dubey, K.K. In Vitro Cytotoxicity Study of Cyclophosphamide, Etoposide and Paclitaxel on Monocyte
Macrophage Cell Line Raw 264.7. Indian ]. Microbiol. 2020, 60, 511-517. [CrossRef] [PubMed]

Khera, E.; Dong, S.; Huang, H.; de Bever, L.; van Delft, EL.; Thurber, G.M. Cellular-Resolution Imaging of Bystander Payload
Tissue Penetration from Antibody-Drug Conjugates. Mol. Cancer Ther. 2022, 21, 310-321. [CrossRef]

Staudacher, A.H.; Brown, M.P. Antibody Drug Conjugates and Bystander Killing: Is Antigen-Dependent Internalisation Required?
Br. J. Cancer 2017, 117, 1736-1742. [CrossRef]

Yaghoubi, S.; Karimi, M.H.; Lotfinia, M.; Gharibi, T.; Mahi-Birjand, M.; Kavi, E.; Hosseini, F,; Sineh Sepehr, K.; Khatami, M.;
Bagheri, N.; et al. Potential Drugs Used in the Antibody-Drug Conjugate (ADC) Architecture for Cancer Therapy. J. Cell. Physiol.
2020, 235, 31-64. [CrossRef]

Zhao, P; Zhang, Y; Li, W,; Jeanty, C.; Xiang, G.; Dong, Y. Recent Advances of Antibody Drug Conjugates for Clinical Applications.
Acta Pharm. Sin. B 2020, 10, 1589-1600. [CrossRef] [PubMed]

Ponziani, S.; Di Vittorio, G.; Pitari, G.; Cimini, A.M.; Ardini, M.; Gentile, R.; Iacobelli, S.; Sala, G.; Capone, E.; Flavell, D.J.; et al.
Antibody-Drug Conjugates: The New Frontier of Chemotherapy. Int. . Mol. Sci. 2020, 21, 5510. [CrossRef] [PubMed]

Song, C.H,; Jeong, M.; In, H.; Kim, J.H.; Lin, C.-W.; Han, K.H. Trends in the Development of Antibody-Drug Conjugates for
Cancer Therapy. Antibodies 2023, 12, 72. [CrossRef] [PubMed]

Fu, Y.; Ho, M. DNA Damaging Agent-Based Antibody-Drug Conjugates for Cancer Therapy. Antib. Ther. 2018, 1, 43-53.
[CrossRef] [PubMed]

Liu, J.; Yu, Y;; Liu, C,; Gao, C.; Zhuang, J.; Liu, L.; Wu, Q.; Ma, W.; Zhang, Q.; Sun, C. Combinatorial Regimens of Chemotherapeutic
Agents: A New Perspective on Raising the Heat of the Tumor Immune Microenvironment. Front. Pharmacol. 2022, 13, 1035954.
[CrossRef] [PubMed]


https://doi.org/10.3389/fphar.2023.1274088
https://www.ncbi.nlm.nih.gov/pubmed/37790810
https://doi.org/10.1016/j.pharmthera.2021.107917
https://www.ncbi.nlm.nih.gov/pubmed/34171334
https://doi.org/10.1039/D0CS00310G
https://www.ncbi.nlm.nih.gov/pubmed/33290462
https://doi.org/10.1080/19420862.2019.1684749
https://www.ncbi.nlm.nih.gov/pubmed/31775561
https://doi.org/10.3390/antib10040042
https://doi.org/10.1007/s13238-016-0323-0
https://www.ncbi.nlm.nih.gov/pubmed/27743348
https://doi.org/10.3390/ijms17020194
https://www.ncbi.nlm.nih.gov/pubmed/26848651
https://doi.org/10.1038/s41420-024-01845-3
https://doi.org/10.1021/acs.orglett.4c00878
https://www.ncbi.nlm.nih.gov/pubmed/38639400
https://doi.org/10.1021/jasms.0c00129
https://doi.org/10.1016/j.jchromb.2021.122753
https://doi.org/10.3390/molecules26102943
https://www.ncbi.nlm.nih.gov/pubmed/34063364
https://doi.org/10.3390/pharmaceutics14020396
https://doi.org/10.1016/j.apsb.2021.03.042
https://www.ncbi.nlm.nih.gov/pubmed/35024314
https://doi.org/10.3390/ph14050442
https://www.ncbi.nlm.nih.gov/pubmed/34067144
https://doi.org/10.4236/aces.2023.134025
https://doi.org/10.1016/j.biopha.2023.114398
https://www.ncbi.nlm.nih.gov/pubmed/36773523
https://doi.org/10.1016/j.biopha.2023.114408
https://doi.org/10.1007/s12088-020-00896-1
https://www.ncbi.nlm.nih.gov/pubmed/33088001
https://doi.org/10.1158/1535-7163.MCT-21-0580
https://doi.org/10.1038/bjc.2017.367
https://doi.org/10.1002/jcp.28967
https://doi.org/10.1016/j.apsb.2020.04.012
https://www.ncbi.nlm.nih.gov/pubmed/33088681
https://doi.org/10.3390/ijms21155510
https://www.ncbi.nlm.nih.gov/pubmed/32752132
https://doi.org/10.3390/antib12040072
https://www.ncbi.nlm.nih.gov/pubmed/37987250
https://doi.org/10.1093/abt/tby007
https://www.ncbi.nlm.nih.gov/pubmed/30294716
https://doi.org/10.3389/fphar.2022.1035954
https://www.ncbi.nlm.nih.gov/pubmed/36304169

Cancers 2024, 16, 2681 26 of 35

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

Yu, B; Jiang, T.; Liu, D. BCMA-Targeted Immunotherapy for Multiple Myeloma. J. Hematol. Oncol. 2020, 13, 125. [CrossRef]
[PubMed]

Aghevlian, S.; Cai, Z.; Hedley, D.; Winnik, M.A.; Reilly, R M. Radioimmunotherapy of PANC-1 Human Pancreatic Cancer
Xenografts in NOD/SCID or NRG Mice with Panitumumab Labeled with Auger Electron Emitting, 111In or 3-Particle Emitting,
177Lu. EJNMMI Radiopharm. Chem. 2020, 5, 22. [CrossRef] [PubMed]

Lakes, A.L.; An, D.D.; Gauny, S.S.; Ansoborlo, C.; Liang, B.H.; Rees, ].A.; McKnight, K.D.; Karsunky, H.; Abergel, R.J. Evaluating
225 Ac and 177 Lu Radioimmunoconjugates against Antibody—Drug Conjugates for Small-Cell Lung Cancer. Mol. Pharm. 2020,
17,4270-4279. [CrossRef]

Kraeber-Bodéré, F.; Bodet-Milin, C.; Rousseau, C.; Eugene, T.; Pallardy, A.; Frampas, E.; Carlier, T.; Ferrer, L.; Gaschet, J.;
Davodeau, F; et al. Radioimmunoconjugates for the Treatment of Cancer. Semin. Oncol. 2014, 41, 613-622. [CrossRef] [PubMed]
Tikum, A.F,; Ketchemen, J.P.; Doroudi, A.; Nambisan, A.K.; Babeker, H.; Njotu, EN.; Fonge, H. Effectiveness of 225 Ac-Labeled
Anti-EGFR Radioimmunoconjugate in EGFR-Positive Kirsten Rat Sarcoma Viral Oncogene and BRAF Mutant Colorectal Cancer
Models. J. Nucl. Med. 2024, 65, 402—408. [CrossRef] [PubMed]

Phuna, Z.X.; Kumar, P.A.; Haroun, E.; Dutta, D.; Lim, S.H. Antibody-Drug Conjugates: Principles and Opportunities. Life Sci.
2024, 347, 122676. [CrossRef] [PubMed]

Tsuchikama, K.; Anami, Y,; Ha, S.Y.Y.; Yamazaki, C.M. Exploring the next Generation of Antibody-Drug Conjugates. Nat. Rev.
Clin. Oncol. 2024, 21, 203-223. [CrossRef] [PubMed]

Parakh, S.; Lee, S.T.; Gan, H.K.; Scott, A.M. Radiolabeled Antibodies for Cancer Imaging and Therapy. Cancers 2022, 14, 1454.
[CrossRef] [PubMed]

Avrov, K.O,; Shatik, S.V.; Zaitsev, V.V.; Al-Shehadat, R.I.; Shashkova, O.A.; Terekhina, L.A.; Malakhov, LS.; Samoylovich, M.P.
Application of Magnetic Particles for Fast Determination of Inmunoreactive Fraction of 68Ga-Labelled VHH Antibodies to
PD-L1. Sovrem. Tehnol. Med. 2023, 15, 26. [CrossRef] [PubMed]

Hu, G.; Zhu, W,; Liu, Y,; Wang, Y.; Zhang, Z.; Zhu, S.; Duan, W.; Zhou, P,; Fu, C; Li, F; et al. Development and Comparison of
Three 89Zr-Labeled Anti-CLDN18.2 Antibodies to Noninvasively Evaluate CLDN18.2 Expression in Gastric Cancer: A Preclinical
Study. Eur. |. Nucl. Med. Mol. Imaging 2022, 49, 2634-2644. [CrossRef] [PubMed]

Ramanjulu, ].M.; Pesiridis, G.S.; Yang, J.; Concha, N.; Singhaus, R.; Zhang, S.-Y.; Tran, J.-L.; Moore, P.; Lehmann, S.; Eberl, H.C,;
et al. Design of Amidobenzimidazole STING Receptor Agonists with Systemic Activity. Nature 2018, 564, 439—443. [CrossRef]
Chan, K,; Sathyamurthi, P.S.; Queisser, M.A.; Mullin, M.; Shrives, H.; Coe, D.M.; Burley, G.A. Antibody-Proteolysis Targeting
Chimera Conjugate Enables Selective Degradation of Receptor-Interacting Serine/Threonine-Protein Kinase 2 in HER2+ Cell
Lines. Bioconjug. Chem. 2023, 34, 2049-2054. [CrossRef] [PubMed]

Maneiro, M.; Forte, N.; Shchepinova, M.M.; Kounde, C.S.; Chudasama, V.; Baker, J.R.; Tate, EW. Antibody-PROTAC Conjugates
Enable HER2-Dependent Targeted Protein Degradation of BRD4. ACS Chem. Biol. 2020, 15, 1306-1312. [CrossRef] [PubMed]
Andreev, J.; Thambi, N.; Perez Bay, A.E.; Delfino, F; Martin, J.; Kelly, M.P,; Kirshner, ].R.; Rafique, A.; Kunz, A.; Nittoli, T.; et al.
Bispecific Antibodies and Antibody-Drug Conjugates (ADCs) Bridging HER2 and Prolactin Receptor Improve Efficacy of HER2
ADCs. Mol. Cancer Ther. 2017, 16, 681-693. [CrossRef] [PubMed]

Gu, Y,; Wang, Z.; Wang, Y. Bispecific Antibody Drug Conjugates: Making 1+1>2. Acta Pharm. Sin. B 2024, 14, 1965-1986.
[CrossRef]

Mullard, A. Antibody-Oligonucleotide Conjugates Enter the Clinic. Nat. Rev. Drug Discov. 2022, 21, 6-8. [CrossRef] [PubMed]
Dugal-Tessier, J.; Thirumalairajan, S.; Jain, N. Antibody-Oligonucleotide Conjugates: A Twist to Antibody-Drug Conjugates. J.
Clin. Med. 2021, 10, 838. [CrossRef] [PubMed]

Hong, Y.; Nam, S.-M.; Moon, A. Antibody-Drug Conjugates and Bispecific Antibodies Targeting Cancers: Applications of Click
Chemistry. Arch. Pharm. Res. 2023, 46, 131-148. [CrossRef] [PubMed]

Zong, H.; Li, X.; Han, L.; Wang, L.; Liu, J.; Yue, Y,; Chen, J.; Ke, Y,; Jiang, H.; Xie, Y.; et al. A Novel Bispecific Antibody Drug
Conjugate Targeting HER2 and HER3 with Potent Therapeutic Efficacy against Breast Cancer. Acta Pharmacol. Sin. 2024, 45,
1727-1739. [CrossRef] [PubMed]

Li, H,; Chen, Y.; Deng, X,; Li, H,; Tan, J.; Liu, G.; Zheng, Y.; Pei, M.; Peng, K.; Yue, L.; et al. Bispecific Antibody Targeting Both
B7-H3 and PD-L1 Exhibits Superior Antitumor Activities. Acta Pharmacol. Sin. 2023, 44, 2322-2330. [CrossRef] [PubMed]

Shim, H. Bispecific Antibodies and Antibody-Drug Conjugates for Cancer Therapy: Technological Considerations. Biomolecules
2020, 10, 360. [CrossRef] [PubMed]

Wang, Z.; Li, H.; Gou, L.; Li, W.; Wang, Y. Antibody-Drug Conjugates: Recent Advances in Payloads. Acta Pharm. Sin. B 2023, 13,
4025-4059. [CrossRef]

Ogitani, Y.; Aida, T.; Hagihara, K.; Yamaguchi, ]J.; Ishii, C.; Harada, N.; Soma, M.; Okamoto, H.; Oitate, M.; Arakawa, S.; et al.
DS-8201a, A Novel HER2-Targeting ADC with a Novel DNA Topoisomerase I Inhibitor, Demonstrates a Promising Antitumor
Efficacy with Differentiation from T-DM1. Clin. Cancer Res. 2016, 22, 5097-5108. [CrossRef] [PubMed]

Li, F; Emmerton, K.K,; Jonas, M.; Zhang, X.; Miyamoto, ].B.; Setter, ].R.; Nicholas, N.D.; Okeley, N.M.; Lyon, R.P.; Benjamin, D.R,;
et al. Intracellular Released Payload Influences Potency and Bystander-Killing Effects of Antibody-Drug Conjugates in Preclinical
Models. Cancer Res. 2016, 76, 2710-2719. [CrossRef] [PubMed]

Tolcher, A.W. Antibody Drug Conjugates: Lessons from 20 Years of Clinical Experience. Ann. Oncol. 2016, 27, 2168-2172.
[CrossRef] [PubMed]


https://doi.org/10.1186/s13045-020-00962-7
https://www.ncbi.nlm.nih.gov/pubmed/32943087
https://doi.org/10.1186/s41181-020-00111-y
https://www.ncbi.nlm.nih.gov/pubmed/33169241
https://doi.org/10.1021/acs.molpharmaceut.0c00703
https://doi.org/10.1053/j.seminoncol.2014.07.004
https://www.ncbi.nlm.nih.gov/pubmed/25440606
https://doi.org/10.2967/jnumed.123.266204
https://www.ncbi.nlm.nih.gov/pubmed/38360051
https://doi.org/10.1016/j.lfs.2024.122676
https://www.ncbi.nlm.nih.gov/pubmed/38688384
https://doi.org/10.1038/s41571-023-00850-2
https://www.ncbi.nlm.nih.gov/pubmed/38191923
https://doi.org/10.3390/cancers14061454
https://www.ncbi.nlm.nih.gov/pubmed/35326605
https://doi.org/10.17691/stm2023.15.3.03
https://www.ncbi.nlm.nih.gov/pubmed/38435480
https://doi.org/10.1007/s00259-022-05739-3
https://www.ncbi.nlm.nih.gov/pubmed/35347439
https://doi.org/10.1038/s41586-018-0705-y
https://doi.org/10.1021/acs.bioconjchem.3c00366
https://www.ncbi.nlm.nih.gov/pubmed/37917829
https://doi.org/10.1021/acschembio.0c00285
https://www.ncbi.nlm.nih.gov/pubmed/32338867
https://doi.org/10.1158/1535-7163.MCT-16-0658
https://www.ncbi.nlm.nih.gov/pubmed/28108597
https://doi.org/10.1016/j.apsb.2024.01.009
https://doi.org/10.1038/d41573-021-00213-5
https://www.ncbi.nlm.nih.gov/pubmed/34903879
https://doi.org/10.3390/jcm10040838
https://www.ncbi.nlm.nih.gov/pubmed/33670689
https://doi.org/10.1007/s12272-023-01433-6
https://www.ncbi.nlm.nih.gov/pubmed/36877356
https://doi.org/10.1038/s41401-024-01279-8
https://www.ncbi.nlm.nih.gov/pubmed/38605180
https://doi.org/10.1038/s41401-023-01118-2
https://www.ncbi.nlm.nih.gov/pubmed/37328649
https://doi.org/10.3390/biom10030360
https://www.ncbi.nlm.nih.gov/pubmed/32111076
https://doi.org/10.1016/j.apsb.2023.06.015
https://doi.org/10.1158/1078-0432.CCR-15-2822
https://www.ncbi.nlm.nih.gov/pubmed/27026201
https://doi.org/10.1158/0008-5472.CAN-15-1795
https://www.ncbi.nlm.nih.gov/pubmed/26921341
https://doi.org/10.1093/annonc/mdw424
https://www.ncbi.nlm.nih.gov/pubmed/27733376

Cancers 2024, 16, 2681 27 of 35

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Hammood, M.; Craig, A.; Leyton, J. Impact of Endocytosis Mechanisms for the Receptors Targeted by the Currently Approved
Antibody-Drug Conjugates (ADCs)—A Necessity for Future ADC Research and Development. Pharmaceuticals 2021, 14, 674.
[CrossRef] [PubMed]

Tsao, L.-C.; Force, J.; Hartman, Z.C. Mechanisms of Therapeutic Antitumor Monoclonal Antibodies. Cancer Res. 2021, 81,
4641-4651. [CrossRef] [PubMed]

Gogia, P; Ashraf, H.; Bhasin, S.; Xu, Y. Antibody-Drug Conjugates: A Review of Approved Drugs and Their Clinical Level of
Evidence. Cancers 2023, 15, 3886. [CrossRef] [PubMed]

Natsume, A.; Niwa, R.; Satoh, M. Improving Effector Functions of Antibodies for Cancer Treatment: Enhancing ADCC and CDC.
Drug Des. Dev. Ther. 2009, 3, 7-16. [CrossRef]

Radocha, J.; van de Donk, N.W.C.].; Weisel, K. Monoclonal Antibodies and Antibody Drug Conjugates in Multiple Myeloma.
Cancers 2021, 13, 1571. [CrossRef]

Liu, R.; Oldham, R;; Teal, E.; Beers, S.; Cragg, M. Fc-Engineering for Modulated Effector Functions—Improving Antibodies for
Cancer Treatment. Antibodies 2020, 9, 64. [CrossRef] [PubMed]

Ramdani, Y.; Lamamy, J.; Watier, H.; Gouilleux-Gruart, V. Monoclonal Antibody Engineering and Design to Modulate FcRn
Activities: A Comprehensive Review. Int. ]. Mol. Sci. 2022, 23, 9604. [CrossRef] [PubMed]

Hamblett, K.J.; Le, T.; Rock, B.M.; Rock, D.A.; Siu, S.; Huard, ].N.; Conner, K.P.; Milburn, R.R.; O’Neill, ].W.; Tometsko, M.E.; et al.
Altering Antibody-Drug Conjugate Binding to the Neonatal Fc Receptor Impacts Efficacy and Tolerability. Mol. Pharm. 2016, 13,
2387-2396. [CrossRef] [PubMed]

Mahalingaiah, PK.; Ciurlionis, R.; Durbin, K.R.; Yeager, R.L.; Philip, B.K.; Bawa, B.; Mantena, S.R.; Enright, B.P; Liguori, M.].; Van
Vleet, T.R. Potential Mechanisms of Target-Independent Uptake and Toxicity of Antibody-Drug Conjugates. Pharmacol. Ther. 2019,
200, 110-125. [CrossRef] [PubMed]

Kalim, M.; Chen, J.; Wang, S.; Lin, C.; Ullah, S.; Liang, K.; Ding, Q.; Chen, S.; Zhan, J.-B. Intracellular Trafficking of New Anticancer
Therapeutics: Antibody-Drug Conjugates. Drug Des. Dev. Ther. 2017, 11, 2265-2276. [CrossRef] [PubMed]

Giddabasappa, A.; Gupta, V.R.; Norberg, R.; Gupta, P; Spilker, M.E.; Wentland, J.; Rago, B.; Eswaraka, J.; Leal, M.; Sapra, P.
Biodistribution and Targeting of Anti-5T4 Antibody-Drug Conjugate Using Fluorescence Molecular Tomography. Mol. Cancer
Ther. 2016, 15, 2530-2540. [CrossRef] [PubMed]

Esapa, B; Jiang, ].; Cheung, A.; Chenoweth, A.; Thurston, D.E.; Karagiannis, S.N. Target Antigen Attributes and Their Contribu-
tions to Clinically Approved Antibody-Drug Conjugates (ADCs) in Haematopoietic and Solid Cancers. Cancers 2023, 15, 1845.
[CrossRef] [PubMed]

Metrangolo, V.; Engelholm, L.H. Antibody-Drug Conjugates: The Dynamic Evolution from Conventional to Next-Generation
Constructs. Cancers 2024, 16, 447. [CrossRef] [PubMed]

Goulet, D.R.; Atkins, W.M. Considerations for the Design of Antibody-Based Therapeutics. . Pharm. Sci. 2020, 109, 74-103.
[CrossRef]

Chen, Z.; Kankala, RK;; Yang, Z.; Li, W.; Xie, S.; Li, H.; Chen, A.-Z.; Zou, L. Antibody-Based Drug Delivery Systems for Cancer
Therapy: Mechanisms, Challenges, and Prospects. Theranostics 2022, 12, 3719-3746. [CrossRef] [PubMed]

Scheuer, W.; Friess, T.; Burtscher, H.; Bossenmaier, B.; Endl, J.; Hasmann, M. Strongly Enhanced Antitumor Activity of
Trastuzumab and Pertuzumab Combination Treatment on HER2-Positive Human Xenograft Tumor Models. Cancer Res. 2009, 69,
9330-9336. [CrossRef]

Kang, J.C; Sun, W.; Khare, P; Karimi, M.; Wang, X.; Shen, Y.; Ober, R.J.; Ward, E.S. Engineering a HER2-Specific Antibody-Drug
Conjugate to Increase Lysosomal Delivery and Therapeutic Efficacy. Nat. Biotechnol. 2019, 37, 523-526. [CrossRef] [PubMed]
Conner, S.D.; Schmid, S.L. Regulated Portals of Entry into the Cell. Nature 2003, 422, 37—44. [CrossRef] [PubMed]

Ritchie, M.; Tchistiakova, L.; Scott, N. Implications of Receptor-Mediated Endocytosis and Intracellular Trafficking Dynamics in
the Development of Antibody Drug Conjugates. MAbs 2013, 5, 13-21. [CrossRef] [PubMed]

Ford, C.H.; Newman, C.E.; Johnson, ]J.R.; Woodhouse, C.S.; Reeder, T.A.; Rowland, G.F.,; Simmonds, R.G. Localisation and Toxicity
Study of a Vindesine-Anti-CEA Conjugate in Patients with Advanced Cancer. Br. |. Cancer 1983, 47, 35-42. [CrossRef] [PubMed]
Yasunaga, M.; Manabe, S.; Tsuji, A.; Furuta, M.; Ogata, K.; Koga, Y.; Saga, T.; Matsumura, Y. Development of Antibody-Drug
Conjugates Using DDS and Molecular Imaging. Bioengineering 2017, 4, 78. [CrossRef] [PubMed]

Abdollahpour-Alitappeh, M.; Lotfinia, M.; Gharibi, T.; Mardaneh, J.; Farhadihosseinabadi, B.; Larki, P.; Faghfourian, B.; Sepehr,
K.S.; Abbaszadeh-Goudarzi, K.; Abbaszadeh-Goudarzi, G.; et al. Antibody-Drug Conjugates (ADCs) for Cancer Therapy:
Strategies, Challenges, and Successes. . Cell. Physiol. 2019, 234, 5628-5642. [CrossRef] [PubMed]

Tsumura, R.; Manabe, S.; Takashima, H.; Koga, Y.; Yasunaga, M.; Matsumura, Y. Influence of the Dissociation Rate Constant on
the Intra-Tumor Distribution of Antibody-Drug Conjugate against Tissue Factor. ]. Control. Release 2018, 284, 49-56. [CrossRef]
[PubMed]

Qian, K;; Li, G.; Zhang, S.; Zou, Y.; Ai, H.; Zheng, X.; Fu, W.; Lei, C.; Hu, S. The Application of Antibody-Based Agents in Cancer
Therapy Based on Their Mechanisms of Action. Fundam. Res. 2024; in press. [CrossRef]

Hoffmann, RM.; Coumbe, B.G.T.; Josephs, D.H.; Mele, S.; llieva, KM.; Cheung, A.; Tutt, A.N.; Spicer, J.F; Thurston, D.E,;
Crescioli, S.; et al. Antibody Structure and Engineering Considerations for the Design and Function of Antibody Drug Conjugates
(ADCs). Oncoimmunology 2018, 7, €1395127. [CrossRef] [PubMed]


https://doi.org/10.3390/ph14070674
https://www.ncbi.nlm.nih.gov/pubmed/34358100
https://doi.org/10.1158/0008-5472.CAN-21-1109
https://www.ncbi.nlm.nih.gov/pubmed/34145037
https://doi.org/10.3390/cancers15153886
https://www.ncbi.nlm.nih.gov/pubmed/37568702
https://doi.org/10.2147/DDDT.S4378
https://doi.org/10.3390/cancers13071571
https://doi.org/10.3390/antib9040064
https://www.ncbi.nlm.nih.gov/pubmed/33212886
https://doi.org/10.3390/ijms23179604
https://www.ncbi.nlm.nih.gov/pubmed/36077002
https://doi.org/10.1021/acs.molpharmaceut.6b00153
https://www.ncbi.nlm.nih.gov/pubmed/27248573
https://doi.org/10.1016/j.pharmthera.2019.04.008
https://www.ncbi.nlm.nih.gov/pubmed/31028836
https://doi.org/10.2147/DDDT.S135571
https://www.ncbi.nlm.nih.gov/pubmed/28814834
https://doi.org/10.1158/1535-7163.MCT-15-1012
https://www.ncbi.nlm.nih.gov/pubmed/27466353
https://doi.org/10.3390/cancers15061845
https://www.ncbi.nlm.nih.gov/pubmed/36980732
https://doi.org/10.3390/cancers16020447
https://www.ncbi.nlm.nih.gov/pubmed/38275888
https://doi.org/10.1016/j.xphs.2019.05.031
https://doi.org/10.7150/thno.72594
https://www.ncbi.nlm.nih.gov/pubmed/35664074
https://doi.org/10.1158/0008-5472.CAN-08-4597
https://doi.org/10.1038/s41587-019-0073-7
https://www.ncbi.nlm.nih.gov/pubmed/30936563
https://doi.org/10.1038/nature01451
https://www.ncbi.nlm.nih.gov/pubmed/12621426
https://doi.org/10.4161/mabs.22854
https://www.ncbi.nlm.nih.gov/pubmed/23221464
https://doi.org/10.1038/bjc.1983.4
https://www.ncbi.nlm.nih.gov/pubmed/6821632
https://doi.org/10.3390/bioengineering4030078
https://www.ncbi.nlm.nih.gov/pubmed/28952557
https://doi.org/10.1002/jcp.27419
https://www.ncbi.nlm.nih.gov/pubmed/30478951
https://doi.org/10.1016/j.jconrel.2018.06.016
https://www.ncbi.nlm.nih.gov/pubmed/29906553
https://doi.org/10.1016/j.fmre.2024.02.021
https://doi.org/10.1080/2162402X.2017.1395127
https://www.ncbi.nlm.nih.gov/pubmed/29375935

Cancers 2024, 16, 2681 28 of 35

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

Jager, S.; Wagner, T.R.; Rasche, N.; Kolmar, H.; Hecht, S.; Schroter, C. Generation and Biological Evaluation of Fc Antigen Binding
Fragment-Drug Conjugates as a Novel Antibody-Based Format for Targeted Drug Delivery. Bioconjug. Chem. 2021, 32, 1699-1710.
[CrossRef] [PubMed]

Trail, P.A.; Willner, D.; Lasch, S.J.; Henderson, A.].; Hofstead, S.; Casazza, A.M.; Firestone, R.A.; Hellstrom, I.; Hellstrom, K.E. Cure
of Xenografted Human Carcinomas by BR96-Doxorubicin Immunoconjugates. Science 1993, 261, 212-215. [CrossRef] [PubMed]
Melgarejo-Rubio, G.; Pérez-Tapia, S.M.; Medina-Rivero, E.; Velasco-Velazquez, M.A. Antibody-Drug Conjugates: The New
Generation of Biotechnological Therapies against Cancer. Gac. Med. Mex. 2023, 156, 228-235. [CrossRef] [PubMed]

Colombo, R.; Rich, ].R. The Therapeutic Window of Antibody Drug Conjugates: A Dogma in Need of Revision. Cancer Cell 2022,
40, 1255-1263. [CrossRef] [PubMed]

Wesolowski, J.; Alzogaray, V.; Reyelt, J.; Unger, M.; Juarez, K.; Urrutia, M.; Cauerhff, A.; Danquah, W,; Rissiek, B.; Scheuplein,
F; et al. Single Domain Antibodies: Promising Experimental and Therapeutic Tools in Infection and Immunity. Med. Microbiol.
Immunol. 2009, 198, 157-174. [CrossRef] [PubMed]

Revets, H.; De Baetselier, P.; Muyldermans, S. Nanobodies as Novel Agents for Cancer Therapy. Expert Opin. Biol. Ther. 2005, 5,
111-124. [CrossRef] [PubMed]

Muyldermans, S. Nanobodies: Natural Single-Domain Antibodies. Annu. Rev. Biochem. 2013, 82, 775-797. [CrossRef] [PubMed]
Muyldermans, S.; Cambillau, C.; Wyns, L. Recognition of Antigens by Single-Domain Antibody Fragments: The Superfluous
Luxury of Paired Domains. Trends Biochem. Sci. 2001, 26, 230-235. [CrossRef]

Kijanka, M.; Dorresteijn, B.; Oliveira, S.; van Bergen en Henegouwen, PM. Nanobody-Based Cancer Therapy of Solid Tumors.
Nanomedicine 2015, 10, 161-174. [CrossRef] [PubMed]

De Genst, E.; Saerens, D.; Muyldermans, S.; Conrath, K. Antibody Repertoire Development in Camelids. Dev. Comp. Immunol.
2006, 30, 187-198. [CrossRef] [PubMed]

Blanco, E.; Chocarro, L.; Fernandez-Rubio, L.; Bocanegra, A.; Arasanz, H.; Echaide, M.; Garnica, M.; Pifieiro-Hermida, S.; Kochan,
G.; Escors, D. Leading Edge: Intratumor Delivery of Monoclonal Antibodies for the Treatment of Solid Tumors. Int. J. Mol. Sci.
2023, 24, 2676. [CrossRef] [PubMed]

Yan, Y.; Cheng, X.; Li, L.; Zhang, R.; Zhu, Y.; Wu, Z.; Ding, K. A Novel Small Molecular Antibody, HER2-Nanobody, Inhibits
Tumor Proliferation in HER2-Positive Breast Cancer Cells In Vitro and In Vivo. Front. Oncol. 2021, 11, 669393. [CrossRef]
[PubMed]

Jovcevska, I.; Muyldermans, S. The Therapeutic Potential of Nanobodies. BioDrugs 2020, 34, 11-26. [CrossRef] [PubMed]
Bannas, P.; Hambach, J.; Koch-Nolte, F. Nanobodies and Nanobody-Based Human Heavy Chain Antibodies As Antitumor
Therapeutics. Front. Immunol. 2017, 8, 1603. [CrossRef]

Dumoulin, M.; Conrath, K.; Van Meirhaeghe, A.; Meersman, F; Heremans, K.; Frenken, L.G.].; Muyldermans, S.; Wyns, L.;
Matagne, A. Single-domain Antibody Fragments with High Conformational Stability. Protein Sci. 2002, 11, 500-515. [CrossRef]
Ewert, S.; Cambillau, C.; Conrath, K.; Pltickthun, A. Biophysical Properties of Camelid VHH Domains Compared to Those of
Human VH3 Domains. Biochemistry 2002, 41, 3628-3636. [CrossRef]

Tabares-da Rosa, S.; Rossotti, M.; Carleiza, C.; Carrién, E; Pritsch, O.; Ahn, K.C; Last, J.A.; Hammock, B.D.; Gonzalez-Sapienza,
G. Competitive Selection from Single Domain Antibody Libraries Allows Isolation of High-Affinity Antihapten Antibodies That
Are Not Favored in the Llama Immune Response. Anal. Chem. 2011, 83, 7213-7220. [CrossRef] [PubMed]

Pérez, ] M.].; Renisio, ].G.; Prompers, ].].; van Platerink, C.J.; Cambillau, C.; Darbon, H.; Frenken, L.G.J. Thermal Unfolding of a
Llama Antibody Fragment: A Two-State Reversible Process. Biochemistry 2001, 40, 74-83. [CrossRef] [PubMed]

Goldman, E.R; Brozozog-Lee, P.A.; Zabetakis, D.; Turner, K.B.; Walper, S.A; Liu, J.L.; Anderson, G.P. Negative Tail Fusions Can
Improve Ruggedness of Single Domain Antibodies. Protein Expr. Purif. 2014, 95, 226-232. [CrossRef]

Turner, K.B.; Alves, N.J.; Medintz, I.L.; Walper, S.A. Improving the Targeting of Therapeutics with Single-Domain Antibodies.
Expert Opin. Drug Deliv. 2016, 13, 561-570. [CrossRef] [PubMed]

Zabetakis, D.; Shriver-Lake, L.C.; Olson, M.A.; Goldman, E.R.; Anderson, G.P. Experimental Evaluation of Single-domain
Antibodies Predicted by Molecular Dynamics Simulations to Have Elevated Thermal Stability. Protein Sci. 2019, 28, 1909-1912.
[CrossRef] [PubMed]

Vosjan, M.J.W.D.; Perk, L.R.; Roovers, R.C.; Visser, G.W.M.; Stigter-van Walsum, M.; van Bergen en Henegouwen, PM.P,; van
Dongen, G.A.M.S. Facile Labelling of an Anti-Epidermal Growth Factor Receptor Nanobody with 68Ga via a Novel Bifunctional
Desferal Chelate for Inmuno-PET. Eur. |. Nucl. Med. Mol. Imaging 2011, 38, 753-763. [CrossRef] [PubMed]

Ebrahimizadeh, W.; Mousavi Gargari, S.L.M.; Javidan, Z.; Rajabibazl, M. Production of Novel VHH Nanobody Inhibiting
Angiogenesis by Targeting Binding Site of VEGFE. Appl. Biochem. Biotechnol. 2015, 176, 1985-1995. [CrossRef] [PubMed]
Goldman, E.R;; Liu, J.L.; Zabetakis, D.; Anderson, G.P. Enhancing Stability of Camelid and Shark Single Domain Antibodies: An
Overview. Front. Immunol. 2017, 8, 865. [CrossRef] [PubMed]

Verhaar, E.R.; Woodham, A.W.; Ploegh, H.L. Nanobodies in Cancer. Semin. Immunol. 2021, 52, 101425. [CrossRef] [PubMed]
Ahmed, A.M,; Brooks, C.L. X-ray Crystal Structure Analysis of VHH-Protein Antigen Complexes. Methods Mol. Biol. 2022, 2446,
513-530. [CrossRef] [PubMed]

Dong, A.; Xu, X.; Edwards, A.M. In Situ Proteolysis for Protein Crystallization and Structure Determination. Nat. Methods 2007, 4,
1019-1021. [CrossRef]


https://doi.org/10.1021/acs.bioconjchem.1c00240
https://www.ncbi.nlm.nih.gov/pubmed/34185508
https://doi.org/10.1126/science.8327892
https://www.ncbi.nlm.nih.gov/pubmed/8327892
https://doi.org/10.24875/GMM.M20000388
https://www.ncbi.nlm.nih.gov/pubmed/32538994
https://doi.org/10.1016/j.ccell.2022.09.016
https://www.ncbi.nlm.nih.gov/pubmed/36240779
https://doi.org/10.1007/s00430-009-0116-7
https://www.ncbi.nlm.nih.gov/pubmed/19529959
https://doi.org/10.1517/14712598.5.1.111
https://www.ncbi.nlm.nih.gov/pubmed/15709914
https://doi.org/10.1146/annurev-biochem-063011-092449
https://www.ncbi.nlm.nih.gov/pubmed/23495938
https://doi.org/10.1016/S0968-0004(01)01790-X
https://doi.org/10.2217/nnm.14.178
https://www.ncbi.nlm.nih.gov/pubmed/25597775
https://doi.org/10.1016/j.dci.2005.06.010
https://www.ncbi.nlm.nih.gov/pubmed/16051357
https://doi.org/10.3390/ijms24032676
https://www.ncbi.nlm.nih.gov/pubmed/36768997
https://doi.org/10.3389/fonc.2021.669393
https://www.ncbi.nlm.nih.gov/pubmed/34055637
https://doi.org/10.1007/s40259-019-00392-z
https://www.ncbi.nlm.nih.gov/pubmed/31686399
https://doi.org/10.3389/fimmu.2017.01603
https://doi.org/10.1110/ps.34602
https://doi.org/10.1021/bi011239a
https://doi.org/10.1021/ac201824z
https://www.ncbi.nlm.nih.gov/pubmed/21827167
https://doi.org/10.1021/bi0009082
https://www.ncbi.nlm.nih.gov/pubmed/11141058
https://doi.org/10.1016/j.pep.2014.01.003
https://doi.org/10.1517/17425247.2016.1133583
https://www.ncbi.nlm.nih.gov/pubmed/26689649
https://doi.org/10.1002/pro.3692
https://www.ncbi.nlm.nih.gov/pubmed/31342597
https://doi.org/10.1007/s00259-010-1700-1
https://www.ncbi.nlm.nih.gov/pubmed/21210114
https://doi.org/10.1007/s12010-015-1695-y
https://www.ncbi.nlm.nih.gov/pubmed/26054617
https://doi.org/10.3389/fimmu.2017.00865
https://www.ncbi.nlm.nih.gov/pubmed/28791022
https://doi.org/10.1016/j.smim.2020.101425
https://www.ncbi.nlm.nih.gov/pubmed/33272897
https://doi.org/10.1007/978-1-0716-2075-5_26
https://www.ncbi.nlm.nih.gov/pubmed/35157291
https://doi.org/10.1038/nmeth1118

Cancers 2024, 16, 2681 29 of 35

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Sircar, A.; Sanni, K.A.; Shi, J.; Gray, J.J. Analysis and Modeling of the Variable Region of Camelid Single-Domain Antibodies.
J. Immunol. 2011, 186, 6357—-6367. [CrossRef] [PubMed]

Al Qaraghuli, M.M.; Ferro, V.A. Analysis of the Binding Loops Configuration and Surface Adaptation of Different Crystallized
Single-domain Antibodies in Response to Various Antigens. J. Mol. Recognit. 2017, 30, €2592. [CrossRef] [PubMed]

Ikeuchi, E.; Kuroda, D.; Nakakido, M.; Murakami, A.; Tsumoto, K. Delicate Balance among Thermal Stability, Binding Affinity,
and Conformational Space Explored by Single-Domain VHH Antibodies. Sci. Rep. 2021, 11, 20624. [CrossRef] [PubMed]

De Greve, H. Production of Designer VHH-Based Antibodies in Plants. Methods Mol. Biol. 2022, 2446, 205-230. [PubMed]
Henry, K.A.; MacKenzie, C.R. Antigen Recognition by Single-Domain Antibodies: Structural Latitudes and Constraints. MAbs
2018, 10, 815-826. [CrossRef] [PubMed]

Govaert, J.; Pellis, M.; Deschacht, N.; Vincke, C.; Conrath, K.; Muyldermans, S.; Saerens, D. Dual Beneficial Effect of Interloop
Disulfide Bond for Single Domain Antibody Fragments. J. Biol. Chem. 2012, 287, 1970-1979. [CrossRef]

Vu, K.B.; Ghahroudi, M.A.; Wyns, L.; Muyldermans, S. Comparison of Llama VH Sequences from Conventional and Heavy Chain
Antibodies. Mol. Immunol. 1997, 34, 1121-1131. [CrossRef] [PubMed]

Desmyter, A.; Transue, T.R.; Ghahroudi, M.A.; Dao Thi, M.-H.; Poortmans, F.; Hamers, R.; Muyldermans, S.; Wyns, L. Crystal
Structure of a Camel Single-Domain VH Antibody Fragment in Complex with Lysozyme. Nat. Struct. Mol. Biol. 1996, 3, 803-811.
[CrossRef] [PubMed]

Lwin, T.M.; Hernot, S.; Hollandsworth, H.; Amirfakhri, S.; Filemoni, F; Debie, P.; Hoffman, R.M.; Bouvet, M. Tumor-Specific
near-Infrared Nanobody Probe Rapidly Labels Tumors in an Orthotopic Mouse Model of Pancreatic Cancer. Surgery 2020, 168,
85-91. [CrossRef] [PubMed]

Debie, P,; Lafont, C.; Defrise, M.; Hansen, I.; van Willigen, D.M.; van Leeuwen, EW.B.; Gijsbers, R.; D’'Huyvetter, M.; Devoogdt,
N.; Lahoutte, T.; et al. Size and Affinity Kinetics of Nanobodies Influence Targeting and Penetration of Solid Tumours. J. Control.
Release 2020, 317, 34-42. [CrossRef] [PubMed]

Xavier, C.; Blykers, A.; Vaneycken, I.; D"Huyvetter, M.; Heemskerk, J.; Lahoutte, T.; Devoogdt, N.; Caveliers, V. 18F-Nanobody for
PET Imaging of HER2 Overexpressing Tumors. Nucl. Med. Biol. 2016, 43, 247-252. [CrossRef] [PubMed]

Ruiz-Loépez, E.; Schuhmacher, A.J. Transportation of Single-Domain Antibodies through the Blood—Brain Barrier. Biomolecules
2021, 11, 1131. [CrossRef] [PubMed]

Caljon, G.; Caveliers, V.; Lahoutte, T.; Stijlemans, B.; Ghassabeh, G.; Van Den Abbeele, J.; Smolders, I.; De Baetselier, P.; Michotte,
Y.; Muyldermans, S.; et al. Using Microdialysis to Analyse the Passage of Monovalent Nanobodies through the Blood-Brain
Barrier. Br. |. Pharmacol. 2012, 165, 2341-2353. [CrossRef] [PubMed]

Lesniak, W.G.; Chu, C.; Jablonska, A.; Behnam Azad, B.; Zwaenepoel, O.; Zawadzki, M.; Lisok, A.; Pomper, M.G.; Walczak,
P,; Gettemans, J.; et al. PET Imaging of Distinct Brain Uptake of a Nanobody and Similarly-Sized PAMAM Dendrimers after
Intra-Arterial Administration. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1940-1951. [CrossRef] [PubMed]

Custers, M.-L.; Wouters, Y.; Jaspers, T.; De Bundel, D.; Dewilde, M.; Van Eeckhaut, A.; Smolders, I. Applicability of Cerebral Open
Flow Microperfusion and Microdialysis to Quantify a Brain-Penetrating Nanobody in Mice. Anal. Chim. Acta 2021, 1178, 338803.
[CrossRef] [PubMed]

Krasniqi, A.; Bialkowska, M.; Xavier, C.; Van Der Jeught, K.; Muyldermans, S.; Devoogdt, N.; D’"Huyvetter, M. Pharmacokinetics
of Radiolabeled Dimeric SdAbs Constructs Targeting Human CD20. New Biotechnol. 2018, 45, 69-79. [CrossRef] [PubMed]
Ruiz-Lopez, E.; Jovéevska, I.; Gonzalez-Gémez, R.; Tejero, H.; Al-Shahrour, F.; Muyldermans, S.; Schuhmacher, A.J. Nanobodies
Targeting ABCC3 for Immunotargeted Applications in Glioblastoma. Sci. Rep. 2022, 12, 22581. [CrossRef] [PubMed]

Griffin, L.M.; Snowden, J.R.; Lawson, A.D.G.; Wernery, U.; Kinne, J.; Baker, T.S. Analysis of Heavy and Light Chain Sequences of
Conventional Camelid Antibodies from Camelus Dromedarius and Camelus Bactrianus Species. J. Immunol. Methods 2014, 405,
35-46. [CrossRef] [PubMed]

Lawrence, M.S.; Phillips, K.J.; Liu, D.R. Supercharging Proteins Can Impart Unusual Resilience. J. Am. Chem. Soc. 2007, 129,
10110-10112. [CrossRef] [PubMed]

Spinelli, S.; Frenken, L.G.]J.; Hermans, P; Verrips, T.; Brown, K.; Tegoni, M.; Cambillau, C. Camelid Heavy-Chain Variable Domains
Provide Efficient Combining Sites to Haptens. Biochemistry 2000, 39, 1217-1222. [CrossRef] [PubMed]

Saerens, D.; Pellis, M.; Loris, R.; Pardon, E.; Dumoulin, M.; Matagne, A.; Wyns, L.; Muyldermans, S.; Conrath, K. Identification of
a Universal VHH Framework to Graft Non-Canonical Antigen-Binding Loops of Camel Single-Domain Antibodies. J. Mol. Biol.
2005, 352, 597-607. [CrossRef] [PubMed]

Ruiz-Lopez, E.; Calatayud-Pérez, J.; Castells-Yus, I.; Gimeno-Peribéfiez, M.].; Mendoza-Calvo, N.; Morcillo, M.A.; Schuhmacher,
A.]. Diagnosis of Glioblastoma by Immuno-Positron Emission Tomography. Cancers 2021, 14, 74. [CrossRef] [PubMed]
Gonzélez-Gémez, R.; Pazo-Cid, R.A ; Sarria, L.; Morcillo, M.A.; Schuhmacher, A.J. Diagnosis of Pancreatic Ductal Adenocarcinoma
by Immuno-Positron Emission Tomography. |. Clin. Med. 2021, 10, 1151. [CrossRef] [PubMed]

Pothin, E.; Lesuisse, D.; Lafaye, P. Brain Delivery of Single-Domain Antibodies: A Focus on VHH and VNAR. Pharmaceutics 2020,
12,937. [CrossRef] [PubMed]

Gao, Y.; Zhu, J.; Lu, H. Single Domain Antibody-Based Vectors in the Delivery of Biologics across the Blood—Brain Barrier: A
Review. Drug Deliv. Transl. Res. 2021, 11, 1818-1828. [CrossRef] [PubMed]

Bélanger, K.; Igbal, U.; Tanha, ].; MacKenzie, R.; Moreno, M.; Stanimirovic, D. Single-Domain Antibodies as Therapeutic and
Imaging Agents for the Treatment of CNS Diseases. Antibodies 2019, 8, 27. [CrossRef] [PubMed]


https://doi.org/10.4049/jimmunol.1100116
https://www.ncbi.nlm.nih.gov/pubmed/21525384
https://doi.org/10.1002/jmr.2592
https://www.ncbi.nlm.nih.gov/pubmed/27862476
https://doi.org/10.1038/s41598-021-98977-8
https://www.ncbi.nlm.nih.gov/pubmed/34663870
https://www.ncbi.nlm.nih.gov/pubmed/35157275
https://doi.org/10.1080/19420862.2018.1489633
https://www.ncbi.nlm.nih.gov/pubmed/29916758
https://doi.org/10.1074/jbc.M111.242818
https://doi.org/10.1016/S0161-5890(97)00146-6
https://www.ncbi.nlm.nih.gov/pubmed/9566760
https://doi.org/10.1038/nsb0996-803
https://www.ncbi.nlm.nih.gov/pubmed/8784355
https://doi.org/10.1016/j.surg.2020.02.020
https://www.ncbi.nlm.nih.gov/pubmed/32370916
https://doi.org/10.1016/j.jconrel.2019.11.014
https://www.ncbi.nlm.nih.gov/pubmed/31734445
https://doi.org/10.1016/j.nucmedbio.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/27067045
https://doi.org/10.3390/biom11081131
https://www.ncbi.nlm.nih.gov/pubmed/34439797
https://doi.org/10.1111/j.1476-5381.2011.01723.x
https://www.ncbi.nlm.nih.gov/pubmed/22013955
https://doi.org/10.1007/s00259-019-04347-y
https://www.ncbi.nlm.nih.gov/pubmed/31161257
https://doi.org/10.1016/j.aca.2021.338803
https://www.ncbi.nlm.nih.gov/pubmed/34482878
https://doi.org/10.1016/j.nbt.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29574274
https://doi.org/10.1038/s41598-022-27161-3
https://www.ncbi.nlm.nih.gov/pubmed/36585418
https://doi.org/10.1016/j.jim.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24444705
https://doi.org/10.1021/ja071641y
https://www.ncbi.nlm.nih.gov/pubmed/17665911
https://doi.org/10.1021/bi991830w
https://www.ncbi.nlm.nih.gov/pubmed/10684599
https://doi.org/10.1016/j.jmb.2005.07.038
https://www.ncbi.nlm.nih.gov/pubmed/16095608
https://doi.org/10.3390/cancers14010074
https://www.ncbi.nlm.nih.gov/pubmed/35008238
https://doi.org/10.3390/jcm10061151
https://www.ncbi.nlm.nih.gov/pubmed/33801810
https://doi.org/10.3390/pharmaceutics12100937
https://www.ncbi.nlm.nih.gov/pubmed/33007904
https://doi.org/10.1007/s13346-020-00873-7
https://www.ncbi.nlm.nih.gov/pubmed/33155179
https://doi.org/10.3390/antib8020027
https://www.ncbi.nlm.nih.gov/pubmed/31544833

Cancers 2024, 16, 2681 30 of 35

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.
172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Broos, K.; Keyaerts, M.; Lecocq, Q.; Renmans, D.; Nguyen, T.; Escors, D.; Liston, A.; Raes, G.; Breckpot, K.; Devoogdt, N.
Non-Invasive Assessment of Murine PD-L1 Levels in Syngeneic Tumor Models by Nuclear Imaging with Nanobody Tracers.
Oncotarget 2017, 8, 41932-41946. [CrossRef]

D’Huyvetter, M.; De Vos, ].; Xavier, C.; Pruszynski, M.; Sterckx, Y.G.]J.; Massa, S.; Raes, G.; Caveliers, V.; Zalutsky, M.R.; Lahoutte,
T,; et al. 131I-Labeled Anti-HER2 Camelid SdAb as a Theranostic Tool in Cancer Treatment. Clin. Cancer Res. 2017, 23, 6616—-6628.
[CrossRef] [PubMed]

Tang, H.; Gao, Y.; Han, J. Application Progress of the Single Domain Antibody in Medicine. Int. J. Mol. Sci. 2023, 24, 4176.
[CrossRef] [PubMed]

Elgundi, Z.; Reslan, M.; Cruz, E.; Sifniotis, V.; Kayser, V. The State-of-Play and Future of Antibody Therapeutics. Adv. Drug Deliv.
Rev. 2017, 122, 2-19. [CrossRef]

Wu, Y,; Li, Q.; Kong, Y.; Wang, Z.; Lei, C; Li, J.; Ding, L.; Wang, C.; Cheng, Y.; Wei, Y,; et al. A Highly Stable Human Single-
Domain Antibody-Drug Conjugate Exhibits Superior Penetration and Treatment of Solid Tumors. Mol. Ther. 2022, 30, 2785-2799.
[CrossRef] [PubMed]

Chalouni, C.; Doll, S. Fate of Antibody-Drug Conjugates in Cancer Cells. J. Exp. Clin. Cancer Res. 2018, 37, 20. [CrossRef]
[PubMed]

Jain, R K. Delivery of Molecular Medicine to Solid Tumors: Lessons from in Vivo Imaging of Gene Expression and Function. J.
Control. Release 2001, 74, 7-25. [CrossRef] [PubMed]

Stylianopoulos, T.; Jain, R K. Design Considerations for Nanotherapeutics in Oncology. Nanomed. Nanotechnol. Biol. Med. 2015, 11,
1893-1907. [CrossRef] [PubMed]

Thurber, G.M.; Schmidt, M.M.; Wittrup, K.D. Antibody Tumor Penetration: Transport Opposed by Systemic and Antigen-
Mediated Clearance. Adv. Drug Deliv. Rev. 2008, 60, 1421-1434. [CrossRef] [PubMed]

Schmidt, M.M.; Wittrup, K.D. A Modeling Analysis of the Effects of Molecular Size and Binding Affinity on Tumor Targeting.
Mol. Cancer Ther. 2009, 8, 2861-2871. [CrossRef] [PubMed]

Bathula, N.V,; Bommadevara, H.; Hayes, ].M. Nanobodies: The Future of Antibody-Based Immune Therapeutics. Cancer Biother.
Radiopharm. 2021, 36, 109-122. [CrossRef] [PubMed]

Muyldermans, S. Applications of Nanobodies. Annu. Rev. Anim. Biosci. 2021, 9, 401-421. [CrossRef] [PubMed]

Liu, M;; Li, L, Jin, D.; Liu, Y. Nanobody—A Versatile Tool for Cancer Diagnosis and Therapeutics. WIREs Nanomed. Nanobiotechnol.
2021, 13, €1697. [CrossRef] [PubMed]

Fang, T.; Duarte, ].N.; Ling, J.; Li, Z.; Guzman, ].S.; Ploegh, H.L. Structurally Defined AMHC-II Nanobody-Drug Conjugates: A
Therapeutic and Imaging System for B-Cell Lymphoma. Angew. Chem. Int. Ed. 2016, 55, 2416-2420. [CrossRef] [PubMed]
McGonigal, K.; Tanha, J.; Palazov, E.; Li, S.; Gueorguieva-Owens, D.; Pandey, S. Isolation and Functional Characterization of
Single Domain Antibody Modulators of Caspase-3 and Apoptosis. Appl. Biochem. Biotechnol. 2009, 157, 226-236. [CrossRef]
[PubMed]

Staus, D.P.; Wingler, L.M.; Strachan, R.T.; Rasmussen, S.G.E; Pardon, E.; Ahn, S.; Steyaert, J.; Kobilka, B.K.; Lefkowitz, R.J.
Regulation of 32-Adrenergic Receptor Function by Conformationally Selective Single-Domain Intrabodies. Mol. Pharmacol. 2014,
85, 472-481. [CrossRef]

Li, J.; Zhu, Z. Research and Development of next Generation of Antibody-Based Therapeutics. Acta Pharmacol. Sin. 2010, 31,
1198-1207. [CrossRef] [PubMed]

Mazor, Y.; Sachsenmeier, K.F; Yang, C.; Hansen, A.; Filderman, J.; Mulgrew, K.; Wu, H.; Dall’Acqua, W.F. Enhanced Tumor-
Targeting Selectivity by Modulating Bispecific Antibody Binding Affinity and Format Valence. Sci. Rep. 2017, 7, 40098. [CrossRef]
[PubMed]

Jain, R.K,; Stylianopoulos, T. Delivering Nanomedicine to Solid Tumors. Nat. Rev. Clin. Oncol. 2010, 7, 653-664. [CrossRef]
[PubMed]

de Davies, C.L.; Berk, D.A.; Pluen, A.; Jain, RK. Comparison of IgG Diffusion and Extracellular Matrix Composition in
Rhabdomyosarcomas Grown in Mice versus in Vitro as Spheroids Reveals the Role of Host Stromal Cells. Br. J. Cancer 2002, 86,
1639-1644. [CrossRef] [PubMed]

Netti, PA.; Berk, D.A.; Swartz, M.A.; Grodzinsky, A.].; Jain, R.K. Role of Extracellular Matrix Assembly in Interstitial Transport in
Solid Tumors. Cancer Res. 2000, 60, 2497-2503. [PubMed]

Galgoczy, R.; Pastor, I.; Colom, A.; Giménez, A.; Mas, E.; Alcaraz, ]. A Spectrophotometer-Based Diffusivity Assay Reveals That
Diffusion Hindrance of Small Molecules in Extracellular Matrix Gels Used in 3D Cultures Is Dominated by Viscous Effects.
Colloids Surf. B Biointerfaces 2014, 120, 200-207. [CrossRef] [PubMed]

Singh, A.P,; Sharma, S.; Shah, D.K. Quantitative Characterization of in Vitro Bystander Effect of Antibody-Drug Conjugates. J.
Pharmacokinet. Pharmacodyn. 2016, 43, 567-582. [CrossRef] [PubMed]

Kovtun, Y.V,; Audette, C.A.; Ye, Y.; Xie, H.; Ruberti, M.E; Phinney, S.J.; Leece, B.A.; Chittenden, T.; Blattler, W.A.; Goldmacher,
V.S. Antibody-Drug Conjugates Designed to Eradicate Tumors with Homogeneous and Heterogeneous Expression of the Target
Antigen. Cancer Res. 2006, 66, 3214-3221. [CrossRef] [PubMed]

Sun, X.; Ponte, J.E; Yoder, N.C.; Laleau, R.; Coccia, J.; Lanieri, L.; Qiu, Q.; Wu, R.; Hong, E.; Bogalhas, M.; et al. Effects of
Drug-Antibody Ratio on Pharmacokinetics, Biodistribution, Efficacy, and Tolerability of Antibody—Maytansinoid Conjugates.
Bioconjug. Chem. 2017, 28, 1371-1381. [CrossRef] [PubMed]


https://doi.org/10.18632/oncotarget.16708
https://doi.org/10.1158/1078-0432.CCR-17-0310
https://www.ncbi.nlm.nih.gov/pubmed/28751451
https://doi.org/10.3390/ijms24044176
https://www.ncbi.nlm.nih.gov/pubmed/36835588
https://doi.org/10.1016/j.addr.2016.11.004
https://doi.org/10.1016/j.ymthe.2022.04.013
https://www.ncbi.nlm.nih.gov/pubmed/35462042
https://doi.org/10.1186/s13046-017-0667-1
https://www.ncbi.nlm.nih.gov/pubmed/29409507
https://doi.org/10.1016/S0168-3659(01)00306-6
https://www.ncbi.nlm.nih.gov/pubmed/11489479
https://doi.org/10.1016/j.nano.2015.07.015
https://www.ncbi.nlm.nih.gov/pubmed/26282377
https://doi.org/10.1016/j.addr.2008.04.012
https://www.ncbi.nlm.nih.gov/pubmed/18541331
https://doi.org/10.1158/1535-7163.MCT-09-0195
https://www.ncbi.nlm.nih.gov/pubmed/19825804
https://doi.org/10.1089/cbr.2020.3941
https://www.ncbi.nlm.nih.gov/pubmed/32936001
https://doi.org/10.1146/annurev-animal-021419-083831
https://www.ncbi.nlm.nih.gov/pubmed/33233943
https://doi.org/10.1002/wnan.1697
https://www.ncbi.nlm.nih.gov/pubmed/33470555
https://doi.org/10.1002/anie.201509432
https://www.ncbi.nlm.nih.gov/pubmed/26840214
https://doi.org/10.1007/s12010-008-8266-4
https://www.ncbi.nlm.nih.gov/pubmed/18553063
https://doi.org/10.1124/mol.113.089516
https://doi.org/10.1038/aps.2010.120
https://www.ncbi.nlm.nih.gov/pubmed/20694021
https://doi.org/10.1038/srep40098
https://www.ncbi.nlm.nih.gov/pubmed/28067257
https://doi.org/10.1038/nrclinonc.2010.139
https://www.ncbi.nlm.nih.gov/pubmed/20838415
https://doi.org/10.1038/sj.bjc.6600270
https://www.ncbi.nlm.nih.gov/pubmed/12085216
https://www.ncbi.nlm.nih.gov/pubmed/10811131
https://doi.org/10.1016/j.colsurfb.2014.05.017
https://www.ncbi.nlm.nih.gov/pubmed/24916283
https://doi.org/10.1007/s10928-016-9495-8
https://www.ncbi.nlm.nih.gov/pubmed/27670282
https://doi.org/10.1158/0008-5472.CAN-05-3973
https://www.ncbi.nlm.nih.gov/pubmed/16540673
https://doi.org/10.1021/acs.bioconjchem.7b00062
https://www.ncbi.nlm.nih.gov/pubmed/28388844

Cancers 2024, 16, 2681 31 of 35

185.
186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.
203.

204.

205.

206.

207.

208.

209.

210.

Baker, M. Upping the Ante on Antibodies. Nat. Biotechnol. 2005, 23, 1065-1072. [CrossRef] [PubMed]

Deonarain, M.P,; Xue, Q. Tackling Solid Tumour Therapy with Small-Format Drug Conjugates. Antib. Ther. 2020, 3, 237-245.
[CrossRef] [PubMed]

Li, Z.; Krippendorff, B.-F.; Sharma, S.; Walz, A.C.; Lavé, T.; Shah, D.K. Influence of Molecular Size on Tissue Distribution of
Antibody Fragments. MAbs 2016, 8, 113-119. [CrossRef] [PubMed]

van Driel, PB.A.A.; Boonstra, M.C.; Slooter, M.D.; Heukers, R.; Stammes, M.A.; Snoeks, T.J.A.; de Bruijn, H.S.; van Diest,
PJ.; Vahrmeijer, A.L.; van Bergen en Henegouwen, PM.P; et al. EGFR Targeted Nanobody-Photosensitizer Conjugates for
Photodynamic Therapy in a Pre-Clinical Model of Head and Neck Cancer. ]. Control. Release 2016, 229, 93-105. [CrossRef]
[PubMed]

Bradley, M.E.; Dombrecht, B.; Manini, J.; Willis, J.; Vlerick, D.; De Taeye, S.; Van den Heede, K.; Roobrouck, A.; Grot, E.; Kent, T.C,;
et al. Potent and Efficacious Inhibition of CXCR2 Signaling by Biparatopic Nanobodies Combining Two Distinct Modes of Action.
Mol. Pharmacol. 2015, 87, 251-262. [CrossRef] [PubMed]

Manglik, A.; Kobilka, B.K.; Steyaert, ]. Nanobodies to Study G Protein-Coupled Receptor Structure and Function. Annu. Rev.
Pharmacol. Toxicol. 2017, 57, 19-37. [CrossRef] [PubMed]

Fernandes, C.EC.; dos Pereira, S.S.; Luiz, M.B.; Zuliani, ].P; Furtado, G.P; Stabeli, R.G. Camelid Single-Domain Antibodies As an
Alternative to Overcome Challenges Related to the Prevention, Detection, and Control of Neglected Tropical Diseases. Front.
Immunol. 2017, 8, 653. [CrossRef] [PubMed]

Chen, YJJ.; Deng, Q.W.; Wang, L.; Guo, X.C.; Yang, ].Y.; Li, T,; Xu, Z.; Lee, H.C.; Zhao, Y.J. GALA Peptide Improves the Potency of
Nanobody-Drug Conjugates by Lipid-Induced Helix Formation. Chem. Commun. 2021, 57, 1434-1437. [CrossRef] [PubMed]
Kang, W.; Ding, C.; Zheng, D.; Ma, X.; Yi, L.; Tong, X.; Wu, C.; Xue, C.; Yu, Y.; Zhou, Q. Nanobody Conjugates for Targeted Cancer
Therapy and Imaging. Technol. Cancer Res. Treat. 2021, 20, 153303382110101. [CrossRef] [PubMed]

Nessler, I.; Khera, E.; Vance, S.; Kopp, A.; Qiu, Q.; Keating, T.A.; Abu-Yousif, A.O.; Sandal, T.; Legg, ].; Thompson, L.; et al.
Increased Tumor Penetration of Single-Domain Antibody-Drug Conjugates Improves In Vivo Efficacy in Prostate Cancer Models.
Cancer Res. 2020, 80, 1268-1278. [CrossRef] [PubMed]

Muruganandam, A.; Tanha, J.; Narang, S.; Stanimirovic, D. Selection of Phage-displayed Llama Single-domain Antibodies That
Transmigrate across Human Blood-brain Barrier Endothelium. FASEB J. 2002, 16, 1-22. [CrossRef] [PubMed]

Abulrob, A.; Sprong, H.; En Henegouwen, P.V.B.; Stanimirovic, D. The Blood—Brain Barrier Transmigrating Single Domain
Antibody: Mechanisms of Transport and Antigenic Epitopes in Human Brain Endothelial Cells. J. Neurochem. 2005, 95, 1201-1214.
[CrossRef] [PubMed]

Li, T.; Bourgeois, J.; Celli, S.; Glacial, F.; Le Sourd, A.; Mecheri, S.; Weksler, B.; Romero, I.; Couraud, P.; Rougeon, F; et al. Cell-
penetrating Anti-GFAP VHH and Corresponding Fluorescent Fusion Protein VHH-GFP Spontaneously Cross the Blood-brain
Barrier and Specifically Recognize Astrocytes: Application to Brain Imaging. FASEB J. 2012, 26, 3969-3979. [CrossRef] [PubMed]
Webster, C.I.; Caram-Salas, N.; Haqqgani, A.S.; Thom, G.; Brown, L.; Rennie, K.; Yogi, A.; Costain, W.; Brunette, E.; Stanimirovic,
D.B. Brain Penetration, Target Engagement, and Disposition of the Blood-brain Barrier-crossing Bispecific Antibody Antagonist
of Metabotropic Glutamate Receptor Type 1. FASEB J. 2016, 30, 1927-1940. [CrossRef] [PubMed]

Steeland, S.; Vandenbroucke, R.E.; Libert, C. Nanobodies as Therapeutics: Big Opportunities for Small Antibodies. Drug Discov.
Today 2016, 21, 1076-1113. [CrossRef] [PubMed]

Xu, S. Internalization, Trafficking, Intracellular Processing and Actions of Antibody-Drug Conjugates. Pharm. Res. 2015, 32,
3577-3583. [CrossRef] [PubMed]

Saunders, K.O. Conceptual Approaches to Modulating Antibody Effector Functions and Circulation Half-Life. Front. Immunol.
2019, 10, 1296. [CrossRef] [PubMed]

Minchinton, A.I; Tannock, L.LE. Drug Penetration in Solid Tumours. Nat. Rev. Cancer 2006, 6, 583-592. [CrossRef] [PubMed]
Yasunaga, M.; Manabe, S.; Tarin, D.; Matsumura, Y. Cancer-Stroma Targeting Therapy by Cytotoxic Immunoconjugate Bound to
the Collagen 4 Network in the Tumor Tissue. Bioconjug. Chem. 2011, 22, 1776-1783. [CrossRef] [PubMed]

Yasunaga, M.; Manabe, S.; Tarin, D.; Matsumura, Y. Tailored Immunoconjugate Therapy Depending on a Quantity of Tumor
Stroma. Cancer Sci. 2013, 104, 231-237. [CrossRef] [PubMed]

Tredan, O.; Galmarini, C.M.; Patel, K.; Tannock, I.F. Drug Resistance and the Solid Tumor Microenvironment. [NCI J. Natl. Cancer
Inst. 2007, 99, 1441-1454. [CrossRef] [PubMed]

Panikar, S.S.; Banu, N.; Haramati, J.; Del Toro-Arreola, S.; Riera Leal, A.; Salas, P. Nanobodies as Efficient Drug-Carriers: Progress
and Trends in Chemotherapy. J. Control. Release 2021, 334, 389-412. [CrossRef] [PubMed]

Bannas, P; Lenz, A.; Kunick, V,; Well, L.; Fumey, W,; Rissiek, B.; Haag, F; Schmid, J.; Schiitze, K.; Eichhoff, A.; et al. Molecular
Imaging of Tumors with Nanobodies and Antibodies: Timing and Dosage Are Crucial Factors for Improved in Vivo Detection.
Contrast Media Mol. Imaging 2015, 10, 367-378. [CrossRef] [PubMed]

Chigoho, D.M.; Lecocq, Q.; Awad, R.M.; Breckpot, K.; Devoogdt, N.; Keyaerts, M.; Caveliers, V.; Xavier, C.; Bridoux, J. Site-Specific
Radiolabeling of a Human PD-L1 Nanobody via Maleimide-Cysteine Chemistry. Pharmaceuticals 2021, 14, 550. [CrossRef]
Vasalou, C.; Helmlinger, G.; Gomes, B. A Mechanistic Tumor Penetration Model to Guide Antibody Drug Conjugate Design.
PLoS ONE 2015, 10, e0118977. [CrossRef] [PubMed]

Sorkin, A.; Goh, L K. Endocytosis and Intracellular Trafficking of ErbBs. Exp. Cell Res. 2009, 315, 683-696. [CrossRef] [PubMed]


https://doi.org/10.1038/nbt0905-1065
https://www.ncbi.nlm.nih.gov/pubmed/16151393
https://doi.org/10.1093/abt/tbaa024
https://www.ncbi.nlm.nih.gov/pubmed/33928231
https://doi.org/10.1080/19420862.2015.1111497
https://www.ncbi.nlm.nih.gov/pubmed/26496429
https://doi.org/10.1016/j.jconrel.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/26988602
https://doi.org/10.1124/mol.114.094821
https://www.ncbi.nlm.nih.gov/pubmed/25468882
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://www.ncbi.nlm.nih.gov/pubmed/27959623
https://doi.org/10.3389/fimmu.2017.00653
https://www.ncbi.nlm.nih.gov/pubmed/28649245
https://doi.org/10.1039/D0CC07706B
https://www.ncbi.nlm.nih.gov/pubmed/33514953
https://doi.org/10.1177/15330338211010117
https://www.ncbi.nlm.nih.gov/pubmed/33929911
https://doi.org/10.1158/0008-5472.CAN-19-2295
https://www.ncbi.nlm.nih.gov/pubmed/31941698
https://doi.org/10.1096/fj.01-0343fje
https://www.ncbi.nlm.nih.gov/pubmed/11772942
https://doi.org/10.1111/j.1471-4159.2005.03463.x
https://www.ncbi.nlm.nih.gov/pubmed/16271053
https://doi.org/10.1096/fj.11-201384
https://www.ncbi.nlm.nih.gov/pubmed/22730440
https://doi.org/10.1096/fj.201500078
https://www.ncbi.nlm.nih.gov/pubmed/26839377
https://doi.org/10.1016/j.drudis.2016.04.003
https://www.ncbi.nlm.nih.gov/pubmed/27080147
https://doi.org/10.1007/s11095-015-1729-8
https://www.ncbi.nlm.nih.gov/pubmed/26108878
https://doi.org/10.3389/fimmu.2019.01296
https://www.ncbi.nlm.nih.gov/pubmed/31231397
https://doi.org/10.1038/nrc1893
https://www.ncbi.nlm.nih.gov/pubmed/16862189
https://doi.org/10.1021/bc200158j
https://www.ncbi.nlm.nih.gov/pubmed/21749132
https://doi.org/10.1111/cas.12062
https://www.ncbi.nlm.nih.gov/pubmed/23121194
https://doi.org/10.1093/jnci/djm135
https://www.ncbi.nlm.nih.gov/pubmed/17895480
https://doi.org/10.1016/j.jconrel.2021.05.004
https://www.ncbi.nlm.nih.gov/pubmed/33964364
https://doi.org/10.1002/cmmi.1637
https://www.ncbi.nlm.nih.gov/pubmed/25925493
https://doi.org/10.3390/ph14060550
https://doi.org/10.1371/journal.pone.0118977
https://www.ncbi.nlm.nih.gov/pubmed/25786126
https://doi.org/10.1016/j.yexcr.2008.07.029
https://www.ncbi.nlm.nih.gov/pubmed/19278030

Cancers 2024, 16, 2681 32 of 35

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.
226.

227.

228.

229.

230.

231.

232.

233.

Austin, C.D.; De Maziére, A.M.; Pisacane, P.I.; van Dijk, S.M.; Eigenbrot, C.; Sliwkowski, M.X.; Klumperman, J.; Scheller, R.H.
Endocytosis and Sorting of ErbB2 and the Site of Action of Cancer Therapeutics Trastuzumab and Geldanamycin. Mol. Biol. Cell
2004, 15, 5268-5282. [CrossRef] [PubMed]

Liang, Y,; Lei, R; Tan, J.; Fang, ].; Yu, L.; Tan, S.; Nie, Y,; Jiang, Q.; Xiao, X.; Saw, P.E. HER2-Targeting Peptide Drug Conjugate with
Better Penetrability for Effective Breast Cancer Therapy. BIO Integr. 2023, 4, 170-179. [CrossRef]

Xavier, C.; Vaneycken, I.; D’huyvetter, M.; Heemskerk, J.; Keyaerts, M.; Vincke, C.; Devoogdt, N.; Muyldermans, S.; Lahoutte, T.;
Caveliers, V. Synthesis, Preclinical Validation, Dosimetry, and Toxicity of 68 Ga-NOTA-Anti-HER2 Nanobodies for IPET Imaging
of HER2 Receptor Expression in Cancer. J. Nucl. Med. 2013, 54, 776-784. [CrossRef] [PubMed]

Lecocq, Q.; De Vlaeminck, Y.; Hanssens, H.; D'"Huyvetter, M.; Raes, G.; Goyvaerts, C.; Keyaerts, M.; Devoogdt, N.; Breckpot, K.
Theranostics in Immuno-Oncology Using Nanobody Derivatives. Theranostics 2019, 9, 7772-7791. [CrossRef] [PubMed]
Jailkhani, N.; Ingram, J.R.; Rashidian, M.; Rickelt, S.; Tian, C.; Mak, H.; Jiang, Z.; Ploegh, H.L.; Hynes, R.O. Noninvasive Imaging
of Tumor Progression, Metastasis, and Fibrosis Using a Nanobody Targeting the Extracellular Matrix. Proc. Natl. Acad. Sci. USA
2019, 116, 14181-14190. [CrossRef] [PubMed]

Mateusiak, t..; Floru, S.; De Groof, T.W.M.; Wouters, J.; Declerck, N.B.; Debie, P.; Janssen, S.; Zeven, K.; Puttemans, J.; Vincke,
C.; et al. Generation and Characterization of Novel Pan-Cancer Anti-uPAR Fluorescent Nanobodies as Tools for Image-Guided
Surgery. Adv. Sci. 2024, 2400700. [CrossRef] [PubMed]

Xenaki, K.T.; Dorresteijn, B.; Muns, J.A.; Adamzek, K.; Doulkeridou, S.; Houthoff, H.; Oliveira, S.; Van Bergen En Henegouwen,
PM. Homogeneous Tumor Targeting with a Single Dose of HER2-Targeted Albumin-Binding Domain-Fused Nanobody-Drug
Conjugates Results in Long-Lasting Tumor Remission in Mice. Theranostics 2021, 11, 5525-5538. [CrossRef] [PubMed]
Hambach, J.; Fumey, W.; Stahler, T.; Gebhardt, A.J.; Adam, G.; Weisel, K.; Koch-Nolte, F.; Bannas, P. Half-Life Extended Nanobody-
Based CD38-Specific Bispecific Killercell Engagers Induce Killing of Multiple Myeloma Cells. Front. Immunol. 2022, 13, 838406.
[CrossRef] [PubMed]

Tijink, B.M.; Laeremans, T.; Budde, M.; Walsum, M.S.; Dreier, T.; de Haard, H.J.; Leemans, C.R.; van Dongen, G.A.M.S. Improved
Tumor Targeting of Anti-Epidermal Growth Factor Receptor Nanobodies through Albumin Binding: Taking Advantage of
Modular Nanobody Technology. Mol. Cancer Ther. 2008, 7, 2288-2297. [CrossRef] [PubMed]

Nguyen, T.D.; Bordeau, B.M.; Zhang, Y.; Mattle, A.G.; Balthasar, J.P. Half-Life Extension and Biodistribution Modulation of
Biotherapeutics via Red Blood Cell Hitch-Hiking with Novel Anti-Band 3 Single-Domain Antibodies. Int. . Mol. Sci. 2022, 24,
475. [CrossRef] [PubMed]

Li, Q.; Kong, Y.; Zhong, Y.; Huang, A.; Ying, T.; Wu, Y. Half-life Extension of Single-domain Antibody—Drug Conjugates by
Albumin Binding Moiety Enhances Antitumor Efficacy. MedComm 2024, 5, e557. [CrossRef] [PubMed]

Mandrup, O.A; Ong, S.C.; Lykkemark, S.; Dinesen, A.; Rudnik-Jansen, I.; Dagnees-Hansen, N.F.; Andersen, J.T.; Alvarez-Vallina,
L.; Howard, K.A. Programmable Half-Life and Anti-Tumour Effects of Bispecific T-Cell Engager-Albumin Fusions with Tuned
FcRn Affinity. Commun. Biol. 2021, 4, 310. [CrossRef] [PubMed]

Esparza, T.].; Su, S.; Francescutti, C.M.; Rodionova, E.; Kim, J.H.; Brody, D.L. Enhanced in Vivo Blood Brain Barrier Transcytosis
of Macromolecular Cargo Using an Engineered PH-Sensitive Mouse Transferrin Receptor Binding Nanobody. Fluids Barriers CNS
2023, 20, 64. [CrossRef] [PubMed]

Unverdorben, F.; Farber-Schwarz, A.; Richter, F.; Hutt, M.; Kontermann, R.E. Half-Life Extension of a Single-Chain Diabody by
Fusion to Domain B of Staphylococcal Protein A. Protein Eng. Des. Sel. 2012, 25, 81-88. [CrossRef] [PubMed]

Tan, H.; Sattler, M.; Zou, P. Albumin-Binding as a Universal Strategy for Half-Life Extension. Jpn. J. Res. 2022, 3, 1-5. [CrossRef]
Fan, K; Jiang, B.; Guan, Z.; He, ].; Yang, D.; Xie, N.; Nie, G.; Xie, C.; Yan, X. Fenobody: A Ferritin-Displayed Nanobody with High
Apparent Affinity and Half-Life Extension. Anal. Chem. 2018, 90, 5671-5677. [CrossRef] [PubMed]

Liu, Y.;; Ao, K;; Bao, F,; Cheng, Y.; Hao, Y.; Zhang, H.; Fu, S.; Xu, J.; Wu, Q. Development of a Bispecific Nanobody Targeting CD20
on B-Cell Lymphoma Cells and CD3 on T Cells. Vaccines 2022, 10, 1335. [CrossRef] [PubMed]

Yang, X.; Lin, X.; Shi, W.; Xie, S.; Huang, X.; Yin, S.; Jiang, X.; Hammock, B.D.; Xu, Z.P; Lu, X. Nanobody-Based Bispecific T-Cell
Engager (Nb-BiTE): A New Platform for Enhanced T-Cell Immunotherapy. Signal Transduct. Target. Ther. 2023, 8, 328. [CrossRef]
[PubMed]

Zeng, ].; Fang, Y,; Zhang, Z.; Lv, Z.; Wang, X.; Huang, Q.; Tian, Z.; Li, J.; Xu, W.; Zhu, W,; et al. Antitumor Activity of Z15-0-2, a
Bispecific Nanobody Targeting PD-1 and CTLA-4. Oncogene 2024, 43, 2244-2252. [CrossRef] [PubMed]

Wang, Y.; Zhang, L.; Wang, P; Liao, X; Dai, Y.; Yu, Q.; Yu, G.; Zhang, Y.; Wei, |.; Jing, Y.; et al. Enhancing Oriented Immobilization
Efficiency: A One-for-Two Organism-Bispecific Nanobody Scaffold for Highly Sensitive Detection of Foodborne Pathogens. Anal.
Chem. 2023, 95, 17135-17142. [CrossRef] [PubMed]

Yang, J.; Lin, S.; Chen, Z; Yang, F.; Guo, L.; Wang, L.; Duan, Y.; Zhang, X.; Dai, Y.; Yin, K.; et al. Development of a Bispecific
Nanobody Conjugate Broadly Neutralizes Diverse SARS-CoV-2 Variants and Structural Basis for Its Broad Neutralization. PLoS
Pathog. 2023, 19, e1011804. [CrossRef] [PubMed]

Bai, Z.; Wang, J.; Li, J.; Yuan, H.; Wang, P.; Zhang, M.; Feng, Y.; Cao, X.; Cao, X.; Kang, G.; et al. Design of Nanobody-Based
Bispecific Constructs by in Silico Affinity Maturation and Umbrella Sampling Simulations. Comput. Struct. Biotechnol. |. 2023, 21,
601-613. [CrossRef] [PubMed]

Mullard, A. Cancer Stem Cell Candidate Rova-T Discontinued. Nat. Rev. Drug Discov. 2019, 18, 814. [CrossRef] [PubMed]


https://doi.org/10.1091/mbc.e04-07-0591
https://www.ncbi.nlm.nih.gov/pubmed/15385631
https://doi.org/10.15212/bioi-2023-0006
https://doi.org/10.2967/jnumed.112.111021
https://www.ncbi.nlm.nih.gov/pubmed/23487015
https://doi.org/10.7150/thno.34941
https://www.ncbi.nlm.nih.gov/pubmed/31695800
https://doi.org/10.1073/pnas.1817442116
https://www.ncbi.nlm.nih.gov/pubmed/31068469
https://doi.org/10.1002/advs.202400700
https://www.ncbi.nlm.nih.gov/pubmed/38845188
https://doi.org/10.7150/thno.57510
https://www.ncbi.nlm.nih.gov/pubmed/33859761
https://doi.org/10.3389/fimmu.2022.838406
https://www.ncbi.nlm.nih.gov/pubmed/35651607
https://doi.org/10.1158/1535-7163.MCT-07-2384
https://www.ncbi.nlm.nih.gov/pubmed/18723476
https://doi.org/10.3390/ijms24010475
https://www.ncbi.nlm.nih.gov/pubmed/36613917
https://doi.org/10.1002/mco2.557
https://www.ncbi.nlm.nih.gov/pubmed/38737471
https://doi.org/10.1038/s42003-021-01790-2
https://www.ncbi.nlm.nih.gov/pubmed/33686177
https://doi.org/10.1186/s12987-023-00462-z
https://www.ncbi.nlm.nih.gov/pubmed/37620930
https://doi.org/10.1093/protein/gzr061
https://www.ncbi.nlm.nih.gov/pubmed/22238430
https://doi.org/10.33425/2690-8077.1043
https://doi.org/10.1021/acs.analchem.7b05217
https://www.ncbi.nlm.nih.gov/pubmed/29634235
https://doi.org/10.3390/vaccines10081335
https://www.ncbi.nlm.nih.gov/pubmed/36016223
https://doi.org/10.1038/s41392-023-01523-3
https://www.ncbi.nlm.nih.gov/pubmed/37661200
https://doi.org/10.1038/s41388-024-03066-5
https://www.ncbi.nlm.nih.gov/pubmed/38806619
https://doi.org/10.1021/acs.analchem.3c04446
https://www.ncbi.nlm.nih.gov/pubmed/37941297
https://doi.org/10.1371/journal.ppat.1011804
https://www.ncbi.nlm.nih.gov/pubmed/38033141
https://doi.org/10.1016/j.csbj.2022.12.021
https://www.ncbi.nlm.nih.gov/pubmed/36659922
https://doi.org/10.1038/d41573-019-00176-8
https://www.ncbi.nlm.nih.gov/pubmed/31673138

Cancers 2024, 16, 2681 33 of 35

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.
257.

Ziaei, V.; Ghassempour, A.; Davami, F; Azarian, B.; Behdani, M.; Dabiri, H.; Habibi-Anbouhi, M. Production and Characterization
of a Camelid Single Domain Anti-CD22 Antibody Conjugated to DM1. Mol. Cell. Biochem. 2024, 479, 579-590. [CrossRef]

Zhu, X,; Li, Q.; Kong, Y,; Huang, K.; Wang, G.; Wang, Y; Lu, J.; Hua, G.; Wu, Y; Ying, T. A Novel Human Single-Domain
Antibody-Drug Conjugate Targeting CEACAMS5 Exhibits Potent in Vitro and in Vivo Antitumor Activity. Acta Pharmacol. Sin.
2024, 45, 609-618. [CrossRef] [PubMed]

Li, R.; Zhu, X,; Zhou, P; Qiao, Y.; Li, Y.; Xu, Y.; Shi, X. Generation of a High-Affinity Nanobody against CD147 for Tumor Targeting
and Therapeutic Efficacy through Conjugating Doxorubicin. Front. Immunol. 2022, 13, 852700. [CrossRef] [PubMed]

Rosenfeld, L.; Sananes, A.; Zur, Y.; Cohen, S.; Dhara, K.; Gelkop, S.; Ben Zeev, E.; Shahar, A.; Lobel, L.; Akabayov, B.; et al.
Nanobodies Targeting Prostate-Specific Membrane Antigen for the Imaging and Therapy of Prostate Cancer. J. Med. Chem. 2020,
63,7601-7615. [CrossRef] [PubMed]

Xu, C.; Zhu, M.; Wang, Q.; Cui, J.; Huang, Y.; Huang, X.; Huang, J.; Gai, J.; Li, G.; Qiao, P; et al. TROP2-Directed Nanobody-Drug
Conjugate Elicited Potent Antitumor Effect in Pancreatic Cancer. J. Nanobiotechnol. 2023, 21, 410. [CrossRef] [PubMed]

Sun, Z.; Chu, X.; Adams, C.; Ilina, T.V.; Guerrero, M.; Lin, G.; Chen, C.; Jelev, D.; Ishima, R.; Li, W.; et al. Preclinical Assessment of
a Novel Human Antibody VH Domain Targeting Mesothelin as an Antibody-Drug Conjugate. Mol. Ther.-Oncolytics 2023, 31,
100726. [CrossRef] [PubMed]

Fan, J.; Zhuang, X.; Yang, X.; Xu, Y.; Zhou, Z.; Pan, L.; Chen, S. A Multivalent Biparatopic EGFR-Targeting Nanobody Drug
Conjugate Displays Potent Anticancer Activity in Solid Tumor Models. Signal Transduct. Target. Ther. 2021, 6, 320. [CrossRef]
Sakata, J.; Tatsumi, T.; Sugiyama, A.; Shimizu, A.; Inagaki, Y.; Katoh, H.; Yamashita, T.; Takahashi, K.; Aki, S.; Kaneko, Y.; et al.
Antibody-Mimetic Drug Conjugate with Efficient Internalization Activity Using Anti-HER2 VHH and Duocarmycin. Protein Expr.
Purif. 2024, 214, 106375. [CrossRef] [PubMed]

Li, L.; Zhu, Y; Liu, M;; Jin, D.; Zhang, L.; Cheng, J.; Liu, Y. Conjugation of Oxaliplatin with PEGylated-Nanobody for Enhancing
Tumor Targeting and Prolonging Circulation. J. Inorg. Biochem. 2021, 223, 111553. [CrossRef] [PubMed]

Adyani, S.M.; Rashidzadeh, H.; Behdani, M.; Tabatabaei Rezaei, S.J.; Ramazani, A. In Vitro Evaluation of Anti-Angiogenesis
Property of Anti-VEGFR2 Nanobody-Conjugated H40-PEG Carrier Loaded with Methotrexate. Iran. . Basic Med. Sci. 2022, 25,
1477-1486. [CrossRef]

Kalim, M.; Wang, S.; Liang, K.; Khan, M.S.I; Zhan, ]. Engineered ScPDL1-DM1 Drug Conjugate with Improved in Vitro Analysis
to Target PD-L1 Positive Cancer Cells and Intracellular Trafficking Studies in Cancer Therapy. Genet. Mol. Biol. 2019, 42, e20180391.
[CrossRef] [PubMed]

Huang, H.; Wu, T; Shi, H.; Wu, Y,; Yang, H.; Zhong, K.; Wang, Y.; Liu, Y. Modular Design of Nanobody-Drug Conjugates for
Targeted-Delivery of Platinum Anticancer Drugs with an MRI Contrast Agent. Chem. Commun. 2019, 55, 5175-5178. [CrossRef]
[PubMed]

Espelin, C.W.; Leonard, S.C.; Geretti, E.; Wickham, T.J.; Hendriks, B.S. Dual HER2 Targeting with Trastuzumab and Liposomal-
Encapsulated Doxorubicin (MM-302) Demonstrates Synergistic Antitumor Activity in Breast and Gastric Cancer. Cancer Res. 2016,
76,1517-1527. [CrossRef] [PubMed]

Loépez-Laguna, H.; Volta-Duran, E.; Parladé, E.; Villaverde, A.; Vazquez, E.; Unzueta, U. Insights on the Emerging Biotechnology
of Histidine-Rich Peptides. Biotechnol. Adv. 2022, 54, 107817. [CrossRef] [PubMed]

Altunay, B.; Morgenroth, A.; Beheshti, M.; Vogg, A.; Wong, N.C.L.; Ting, H.H.; Biersack, H.-J.; Stickeler, E.; Mottaghy, FM.
HER?2-Directed Antibodies, Affibodies and Nanobodies as Drug-Delivery Vehicles in Breast Cancer with a Specific Focus on
Radioimmunotherapy and Radioimmunoimaging. Eur. |. Nucl. Med. Mol. Imaging 2021, 48, 1371-1389. [CrossRef] [PubMed]
Hoefman, S.; Ottevaere, I.; Baumeister, ].; Sargentini-Maier, M. Pre-Clinical Intravenous Serum Pharmacokinetics of Albumin
Binding and Non-Half-Life Extended Nanobodies®. Antibodies 2015, 4, 141-156. [CrossRef]

Sleep, D.; Cameron, J.; Evans, L.R. Albumin as a Versatile Platform for Drug Half-Life Extension. Biochim. Biophys. Acta-Gen. Subj.
2013, 1830, 5526-5534. [CrossRef] [PubMed]

Pan, H.; Liu, J.; Deng, W.; Xing, ].; Li, Q.; Wang, Z. Site-Specific PEGylation of an Anti-CEA /CD3 Bispecific Antibody Improves
Its Antitumor Efficacy. Int. ]. Nanomed. 2018, 13, 3189-3201. [CrossRef] [PubMed]

Brandl, F,; Busslinger, S.; Zangemeister-Wittke, U.; Pliickthun, A. Optimizing the Anti-Tumor Efficacy of Protein-Drug Conjugates
by Engineering the Molecular Size and Half-Life. ]. Control. Release 2020, 327, 186-197. [CrossRef] [PubMed]

Griffiths, K.; Binder, U.; McDowell, W.; Tommasi, R.; Frigerio, M.; Darby, W.G.; Hosking, C.G.; Renaud, L.; Machacek, M.; Lloyd,
P; et al. Half-Life Extension and Non-Human Primate Pharmacokinetic Safety Studies of i-Body AD-114 Targeting Human
CXCR4. MADs 2019, 11, 1331-1340. [CrossRef] [PubMed]

Chen, Y,; Lin, X,; Qin, Y,; Wu, D.; Gu, J.; Nie, S. Discovery of novel anti-serum albumin VHH as a building block for PK
prolongation. Antib. Ther. 2023, 6, tbad014.011. [CrossRef]

Mester, S.; Evers, M.; Meyer, S.; Nilsen, J.; Greiff, V.; Sandlie, L; Leusen, J.; Andersen, ].T. Extended Plasma Half-Life of Albumin-
Binding Domain Fused Human IgA upon PH-Dependent Albumin Engagement of Human FcRn in Vitro and in Vivo. MAbs 2021,
13,1893888. [CrossRef] [PubMed]

Kontermann, R.E. Half-Life Extended Biotherapeutics. Expert Opin. Biol. Ther. 2016, 16, 903-915. [CrossRef] [PubMed]

Ma, X.; Wang, M.; Ying, T.; Wu, Y. Reforming Solid Tumor Treatment: The Emerging Potential of Smaller Format Antibody-Drug
Conjugate. Antib. Ther. 2024, 7, 114-122. [CrossRef] [PubMed]


https://doi.org/10.1007/s11010-023-04741-z
https://doi.org/10.1038/s41401-023-01200-9
https://www.ncbi.nlm.nih.gov/pubmed/38030799
https://doi.org/10.3389/fimmu.2022.852700
https://www.ncbi.nlm.nih.gov/pubmed/35603157
https://doi.org/10.1021/acs.jmedchem.0c00418
https://www.ncbi.nlm.nih.gov/pubmed/32442375
https://doi.org/10.1186/s12951-023-02183-9
https://www.ncbi.nlm.nih.gov/pubmed/37932752
https://doi.org/10.1016/j.omto.2023.09.002
https://www.ncbi.nlm.nih.gov/pubmed/37771390
https://doi.org/10.1038/s41392-021-00666-5
https://doi.org/10.1016/j.pep.2023.106375
https://www.ncbi.nlm.nih.gov/pubmed/37797818
https://doi.org/10.1016/j.jinorgbio.2021.111553
https://www.ncbi.nlm.nih.gov/pubmed/34340059
https://doi.org/10.22038/ijbms.2022.67038.14701
https://doi.org/10.1590/1678-4685-gmb-2018-0391
https://www.ncbi.nlm.nih.gov/pubmed/31967634
https://doi.org/10.1039/C9CC01391A
https://www.ncbi.nlm.nih.gov/pubmed/30984937
https://doi.org/10.1158/0008-5472.CAN-15-1518
https://www.ncbi.nlm.nih.gov/pubmed/26759238
https://doi.org/10.1016/j.biotechadv.2021.107817
https://www.ncbi.nlm.nih.gov/pubmed/34418503
https://doi.org/10.1007/s00259-020-05094-1
https://www.ncbi.nlm.nih.gov/pubmed/33179151
https://doi.org/10.3390/antib4030141
https://doi.org/10.1016/j.bbagen.2013.04.023
https://www.ncbi.nlm.nih.gov/pubmed/23639804
https://doi.org/10.2147/IJN.S164542
https://www.ncbi.nlm.nih.gov/pubmed/29881272
https://doi.org/10.1016/j.jconrel.2020.08.004
https://www.ncbi.nlm.nih.gov/pubmed/32768630
https://doi.org/10.1080/19420862.2019.1626652
https://www.ncbi.nlm.nih.gov/pubmed/31156041
https://doi.org/10.1093/abt/tbad014.011
https://doi.org/10.1080/19420862.2021.1893888
https://www.ncbi.nlm.nih.gov/pubmed/33691596
https://doi.org/10.1517/14712598.2016.1165661
https://www.ncbi.nlm.nih.gov/pubmed/26967759
https://doi.org/10.1093/abt/tbae005
https://www.ncbi.nlm.nih.gov/pubmed/38566971

Cancers 2024, 16, 2681 34 of 35

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

Kunz, S.; Durandy, M.; Seguin, L.; Feral, C.C. NANOBODY® Molecule, a Giga Medical Tool in Nanodimensions. Int. ]. Mol. Sci.
2023, 24, 13229. [CrossRef] [PubMed]

Kontermann, R.E. Strategies for Extended Serum Half-Life of Protein Therapeutics. Curr. Opin. Biotechnol. 2011, 22, 868-876.
[CrossRef]

Wunder, A.; Miiller-Ladner, U.; Stelzer, E.H.K; Funk, J.; Neumann, E.; Stehle, G.; Pap, T; Sinn, H.; Gay, S.; Fiehn, C. Albumin-
Based Drug Delivery as Novel Therapeutic Approach for Rheumatoid Arthritis. J. Immunol. 2003, 170, 4793-4801. [CrossRef]
[PubMed]

Fishburn, C.S. The Pharmacology of PEGylation: Balancing PD with PK to Generate Novel Therapeutics. J. Pharm. Sci. 2008, 97,
4167-4183. [CrossRef] [PubMed]

Ishiwatari-Ogata, C.; Kyuuma, M.; Ogata, H.; Yamakawa, M.; Iwata, K.; Ochi, M.; Hori, M.; Miyata, N.; Fujii, Y. Ozoralizumab,
a Humanized Anti-TNFau NANOBODY® Compound, Exhibits Efficacy Not Only at the Onset of Arthritis in a Human TNF
Transgenic Mouse but Also During Secondary Failure of Administration of an Anti-TNF« IgG. Front. Immunol. 2022, 13, 853008.
[CrossRef] [PubMed]

D'Huyvetter, M.; Vincke, C.; Xavier, C.; Aerts, A.; Impens, N.; Baatout, S.; De Raeve, H.; Muyldermans, S.; Caveliers, V.; Devoogdt,
N.; et al. Targeted Radionuclide Therapy with A 177 Lu-Labeled Anti-HER2 Nanobody. Theranostics 2014, 4, 708-720. [CrossRef]
[PubMed]

Chatalic, K.L.S.; Veldhoven-Zweistra, J.; Bolkestein, M.; Hoeben, S.; Koning, G.A.; Boerman, O.C.; de Jong, M.; van Weerden,
W.M. A Novel 111 In-Labeled Anti—Prostate-Specific Membrane Antigen Nanobody for Targeted SPECT/CT Imaging of Prostate
Cancer. J. Nucl. Med. 2015, 56, 1094-1099. [CrossRef] [PubMed]

Li, S.; Hoefnagel, S.J.M.; Krishnadath, K K. Single Domain Camelid Antibody Fragments for Molecular Imaging and Therapy of
Cancer. Front. Oncol. 2023, 13, 1257175. [CrossRef] [PubMed]

Chigoho, D.M.; Bridoux, J.; Hernot, S. Reducing the Renal Retention of Low- to Moderate-Molecular-Weight Radiopharmaceuti-
cals. Curr. Opin. Chem. Biol. 2021, 63, 219-228. [CrossRef] [PubMed]

Vegt, E.; Van Eerd, ].EM.; Eek, A.; Oyen, W.].G.; Wetzels, ].EM.; De Jong, M.; Russel, FG.M.; Masereeuw, R.; Gotthardt, M.;
Boerman, O.C. Reducing Renal Uptake of Radiolabeled Peptides Using Albumin Fragments. J. Nucl. Med. 2008, 49, 1506-1511.
[CrossRef] [PubMed]

De Roode, K.E.; Joosten, L.; Behe, M. Towards the Magic Radioactive Bullet: Improving Targeted Radionuclide Therapy by
Reducing the Renal Retention of Radioligands. Pharmaceuticals 2024, 17, 256. [CrossRef] [PubMed]

Shastry, M.; Gupta, A.; Chandarlapaty, S.; Young, M.; Powles, T.; Hamilton, E. Rise of Antibody-Drug Conjugates: The Present
and Future. Am. Soc. Clin. Oncol. Educ. Book 2023, 43, €390094. [CrossRef] [PubMed]

Zhu, Y,; Liu, K.; Wang, K.; Zhu, H. Treatment-related Adverse Events of Antibody—Drug Conjugates in Clinical Trials: A
Systematic Review and Meta-analysis. Cancer 2023, 129, 283-295. [CrossRef] [PubMed]

Cecco, S.; Puligheddu, S.; Fusaroli, M.; Gerratana, L.; Yan, M.; Zamagni, C.; De Ponti, F.; Raschi, E. Emerging Toxicities of
Antibody-Drug Conjugates for Breast Cancer: Clinical Prioritization of Adverse Events from the FDA Adverse Event Reporting
System. Target. Oncol. 2024, 19, 435-445. [CrossRef] [PubMed]

Suzuki, Y.; Zhou, S.; Ota, Y.; Harrington, M.; Miyagi, E.; Takagi, H.; Kuno, T.; Wright, J.D. Toxicity Profiles of Antibody-Drug
Conjugates for Anticancer Treatment: A Systematic Review and Meta-Analysis. JNCI Cancer Spectr. 2023, 7, pkad069. [CrossRef]
Wei, Q.; Yang, T.; Zhu, J.; Zhang, Z.; Yang, L.; Zhang, Y.; Hu, C.; Chen, J.; Wang, J.; Tian, X.; et al. Spatiotemporal Quantification of
HER?2-Targeting Antibody—Drug Conjugate Bystander Activity and Enhancement of Solid Tumor Penetration. Clin. Cancer Res.
2024, 30, 984-997. [CrossRef] [PubMed]

Wittwer, N.L.; Brown, M.P,; Liapis, V.; Staudacher, A.H. Antibody Drug Conjugates: Hitting the Mark in Pancreatic Cancer? J.
Exp. Clin. Cancer Res. 2023, 42, 280. [CrossRef] [PubMed]

Weddell, J.; Chiney, M.S.; Bhatnagar, S.; Gibbs, J.P.; Shebley, M. Mechanistic Modeling of Intra-Tumor Spatial Distribution of
Antibody-Drug Conjugates: Insights into Dosing Strategies in Oncology. Clin. Transl. Sci. 2021, 14, 395-404. [CrossRef] [PubMed]
Wouters, Y.; Jaspers, T.; De Strooper, B.; Dewilde, M. Identification and in Vivo Characterization of a Brain-Penetrating Nanobody.
Fluids Barriers CNS 2020, 17, 62. [CrossRef] [PubMed]

Arvanitis, C.D.; Ferraro, G.B.; Jain, R.K. The Blood-Brain Barrier and Blood-Tumour Barrier in Brain Tumours and Metastases.
Nat. Rev. Cancer 2020, 20, 26-41. [CrossRef] [PubMed]

Bordeau, M.; Balthasar, P. Strategies to Enhance Monoclonal Antibody Uptake and Distribution in Solid Tumors. Cancer Biol. Med.
2021, 18, 649-664. [CrossRef] [PubMed]

Marcucci, F; Corti, A.; Ferreri, A.].M. Breaching the Blood-Brain Tumor Barrier for Tumor Therapy. Cancers 2021, 13, 2391.
[CrossRef] [PubMed]

Weinstein, J.N.; Eger, RR.; Covell, D.G.; Black, C.D.V.; Mulshine, J.; Carrasquillo, J.A.; Larson, S.M.; Keenan, A.M. The
Pharmacology of Monoclonal Antibodiesa. Ann. N. Y. Acad. Sci. 1987, 507, 199-210. [CrossRef] [PubMed]

Rudnick, S.I; Adams, G.P. Affinity and Avidity in Antibody-Based Tumor Targeting. Cancer Biother. Radiopharm. 2009, 24, 155-161.
[CrossRef] [PubMed]

Miao, L.; Newby, ].M.; Lin, C.M.; Zhang, L.; Xu, F; Kim, W.Y.; Forest, M.G.; Lai, S.K.; Milowsky, M.L; Wobker, S.E.; et al. The
Binding Site Barrier Elicited by Tumor-Associated Fibroblasts Interferes Disposition of Nanoparticles in Stroma-Vessel Type
Tumors. ACS Nano 2016, 10, 9243-9258. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms241713229
https://www.ncbi.nlm.nih.gov/pubmed/37686035
https://doi.org/10.1016/j.copbio.2011.06.012
https://doi.org/10.4049/jimmunol.170.9.4793
https://www.ncbi.nlm.nih.gov/pubmed/12707361
https://doi.org/10.1002/jps.21278
https://www.ncbi.nlm.nih.gov/pubmed/18200508
https://doi.org/10.3389/fimmu.2022.853008
https://www.ncbi.nlm.nih.gov/pubmed/35273620
https://doi.org/10.7150/thno.8156
https://www.ncbi.nlm.nih.gov/pubmed/24883121
https://doi.org/10.2967/jnumed.115.156729
https://www.ncbi.nlm.nih.gov/pubmed/25977460
https://doi.org/10.3389/fonc.2023.1257175
https://www.ncbi.nlm.nih.gov/pubmed/37746282
https://doi.org/10.1016/j.cbpa.2021.06.008
https://www.ncbi.nlm.nih.gov/pubmed/34325089
https://doi.org/10.2967/jnumed.108.053249
https://www.ncbi.nlm.nih.gov/pubmed/18703613
https://doi.org/10.3390/ph17020256
https://www.ncbi.nlm.nih.gov/pubmed/38399470
https://doi.org/10.1200/EDBK_390094
https://www.ncbi.nlm.nih.gov/pubmed/37229614
https://doi.org/10.1002/cncr.34507
https://www.ncbi.nlm.nih.gov/pubmed/36408673
https://doi.org/10.1007/s11523-024-01058-9
https://www.ncbi.nlm.nih.gov/pubmed/38696126
https://doi.org/10.1093/jncics/pkad069
https://doi.org/10.1158/1078-0432.CCR-23-1725
https://www.ncbi.nlm.nih.gov/pubmed/38113039
https://doi.org/10.1186/s13046-023-02868-x
https://www.ncbi.nlm.nih.gov/pubmed/37880707
https://doi.org/10.1111/cts.12892
https://www.ncbi.nlm.nih.gov/pubmed/33073529
https://doi.org/10.1186/s12987-020-00226-z
https://www.ncbi.nlm.nih.gov/pubmed/33054787
https://doi.org/10.1038/s41568-019-0205-x
https://www.ncbi.nlm.nih.gov/pubmed/31601988
https://doi.org/10.20892/j.issn.2095-3941.2020.0704
https://www.ncbi.nlm.nih.gov/pubmed/35979855
https://doi.org/10.3390/cancers13102391
https://www.ncbi.nlm.nih.gov/pubmed/34063335
https://doi.org/10.1111/j.1749-6632.1987.tb45802.x
https://www.ncbi.nlm.nih.gov/pubmed/3327413
https://doi.org/10.1089/cbr.2009.0627
https://www.ncbi.nlm.nih.gov/pubmed/19409036
https://doi.org/10.1021/acsnano.6b02776
https://www.ncbi.nlm.nih.gov/pubmed/27666558

Cancers 2024, 16, 2681 35 of 35

283.

284.

285.

286.

287.

288.

289.

290.

Singh, A.P; Guo, L.; Verma, A.; Wong, G.G.-L.; Thurber, G.M.; Shah, D.K. Antibody Coadministration as a Strategy to Overcome
Binding-Site Barrier for ADCs: A Quantitative Investigation. AAPS J. 2020, 22, 28. [CrossRef] [PubMed]

Van Dongen, G.A.M.S. Improving Tumor Penetration of Antibodies and Antibody-Drug Conjugates: Taking Away the Barriers
for Trojan Horses. Cancer Res. 2021, 81, 3956-3957. [CrossRef] [PubMed]

Bordeau, B.M.; Yang, Y.; Balthasar, J.P. Transient Competitive Inhibition Bypasses the Binding Site Barrier to Improve Tumor
Penetration of Trastuzumab and Enhance T-DM1 Efficacy. Cancer Res. 2021, 81, 4145-4154. [CrossRef] [PubMed]

Bordeau, B.M.; Abuqayyas, L.; Nguyen, T.D.; Chen, P.; Balthasar, J.P. Development and Evaluation of Competitive Inhibitors of
Trastuzumab-HER?2 Binding to Bypass the Binding-Site Barrier. Front. Pharmacol. 2022, 13, 837744. [CrossRef] [PubMed]
Cilliers, C.; Guo, H.; Liao, J.; Christodolu, N.; Thurber, G.M. Multiscale Modeling of Antibody-Drug Conjugates: Connecting
Tissue and Cellular Distribution to Whole Animal Pharmacokinetics and Potential Implications for Efficacy. AAPS J. 2016, 18,
1117-1130. [CrossRef] [PubMed]

Chen, L.; Zeng, D.; Xu, N.; Li, C,; Zhang, W.; Zhu, X.; Gao, Y.; Chen, PR;; Lin, ]. Blood-Brain Barrier- and Blood—Brain Tumor
Barrier-Penetrating Peptide-Derived Targeted Therapeutics for Glioma and Malignant Tumor Brain Metastases. ACS Appl. Mater.
Interfaces 2019, 11, 41889-41897. [CrossRef] [PubMed]

Donaghy, H. Effects of Antibody, Drug and Linker on the Preclinical and Clinical Toxicities of Antibody-Drug Conjugates. MAbs
2016, 8, 659-671. [CrossRef] [PubMed]

Nguyen, T.D.; Bordeau, B.M.; Balthasar, ].P. Mechanisms of ADC Toxicity and Strategies to Increase ADC Tolerability. Cancers
2023, 15, 713. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1208/s12248-019-0387-x
https://www.ncbi.nlm.nih.gov/pubmed/31938899
https://doi.org/10.1158/0008-5472.CAN-21-0952
https://www.ncbi.nlm.nih.gov/pubmed/34341064
https://doi.org/10.1158/0008-5472.CAN-20-3822
https://www.ncbi.nlm.nih.gov/pubmed/33727230
https://doi.org/10.3389/fphar.2022.837744
https://www.ncbi.nlm.nih.gov/pubmed/35250584
https://doi.org/10.1208/s12248-016-9940-z
https://www.ncbi.nlm.nih.gov/pubmed/27287046
https://doi.org/10.1021/acsami.9b14046
https://www.ncbi.nlm.nih.gov/pubmed/31615203
https://doi.org/10.1080/19420862.2016.1156829
https://www.ncbi.nlm.nih.gov/pubmed/27045800
https://doi.org/10.3390/cancers15030713
https://www.ncbi.nlm.nih.gov/pubmed/36765668

	Introduction 
	Materials and Methods 
	Design of the Study and Methods Used for Finding Information 
	Strategy for Finding Information 
	Evaluation and Selection 
	Determination of Quality 
	Extraction and Analysis of Data 

	ADC: A Look at Its Evolution 
	From Antibody to ADC 
	Linkers and Conjugation Process 
	Payload 
	Mechanism of Action of Conjugated Antibodies 

	ADCs Evolution 
	First-Generation ADCs 
	Second-Generation ADCs 
	Third-Generation ADCs 
	The Next Generations of ADCs 

	Disadvantages of Conventional Antibodies for ADCs 

	VHHs as Nano-ADCs 
	VHH’s Physical, Chemical and Structural Properties 
	VHH’s Biological Functions 
	Characteristics of VHHs to Develop Novel ADCs 
	The Plasticity of the VHH and the Opportunities for Conjugation 
	VHHs as Carriers in Antibody–Drug Conjugates (nADCs) 
	Advances in the Development of nADCs 
	Disadvantages of VHH for nADCs and Possible Improvements 
	Fast Clearance and Renal Retention 
	Is the Rapid Clearance of VHHs Necessarily a Disadvantage? 

	Final Consideration: Improving the Efficacy in Solid Tumors ADCs versus nADCs: Strategies to Overcome Major Barriers 

	Conclusions 
	Limitations of the Study 
	References

