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Editorial on the Research Topic
Nanobody-based cancer immunotherapy and immunoimaging

Nanobody, the single domain antibody fragment derived from camelid antibodies, is
known as the smallest naturally occurring antibody domain capable to attach to antigens
with higher affinity and specificity compared to conventional antibodies (1). Considering
their excellent properties, nanobodies have been extensively used in the field of
immunotherapy and immunoimaging, especially for cancer diseases (2). The smaller size
of nanobodies, compared to other antibody formats, enables them to efficiently penetrate
into the tumor site which in turn provides more accessibility to tumor cells for therapeutics
and imaging agents. Also, their remarkable stability and solubility together with reduced
immunogenicity makes them ideal candidates for tumor targeting (3).

Nanobodies have been used to target cancer cells trough binding to specific cancer
antigens. However, they are unable to trigger nanobody-mediated antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) due the the
lack of Fc domain. Zhong et al. addressed this problem through fusing a nanobody
targeting Claudinl8.2 antigen with human IgGl Fc. They showed the promising
therapeutic potential of this humanized nanobody/IgG1l-Fc fusion protein on
Caludin18.2-positive cancer cells through ADCC and CDC. Moreover, the anti-
Caludinl18.2 fusion nanobody showed better tumor penetration and faster tumor uptake
than a chimeric IgG1 monoclonal antibody.

In addition to direct tumor-targeting, nanobodies are exploited in cell-mediated cancer
immunotherapy. In this regard, Maali et al. reviewed the application of nanobodies in
bridging between tumor and immune cells through bi- and multi-specific T and NK cells’
engagers. Targeting tumor cells with engineered T and NK cells harboring nanobody-based
chimeric antigen receptors (CARs) has been discussed as the most successful application of
nanobodies in cell-mediated immunotherapy. Also, authors reviewed the different
nanobody-based strategies used to enhance anti-tumor functions of macrophages.
Finally, the role of nanobodies in reversing the T cell exhaustion and managing the
adverse effects of different immune cell therapies is discussed. As a nanobody-based cell
therapy, Nasiri et al. successfully developed second generation CAR-T cells to target CD19-
positive tumor cells. They showed that the nanobody-redirected CAR-T cells had
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expansion, cytotoxicity and proinflammatory cytokine secretion
rates comparable to those of their scFv-based counterparts.

As mentioned above, nanobodies may act as the blockers of
antigens, receptors, or intracellular mediators. In an interesting
approach, Demeules et al. studied the in vivo purinergic checkpoint
inhibition by different specific nanobodies expressed through adeno-
associated viral vectors. Nanobody-mediated blocking of P2X7, a
ligand-gated cation channel, significantly inhibited tumor growth in
P2X7-expressing tumor models. Moreover, a bispecific nanobody-
based biologic targeting CD73 (an ecto-enzyme catalyzing
extracellular ATP into immunosuppressive adenosine) and PD-LI1
successfully inhibited the growth and metastasis of tumor cells. Also,
Keller et al. employed the intracellular expression of a nanobody
specific to the GTP-bound conformation of RHOA subfamily
GTPases to distrupt the RHOA/ROCK signaling pathway. They
established that this functional intracellular nanobody resulted in the
loss of cellular contraction properties in metastatic melanoma cells
which may have implication in cancer therapy. Genetically modifying
nanobodies has enabled a new generation of receptor-specific probes
that target EGFR. Comez et al. discovered two nanobodies that bind to
the same receptor site as EGF and other ligands that bind to EGFR.
Using the NanoBRET technology, they could monitor the G protein-
coupled receptor ligand binding and conformational changes of EGFR.
This study proved the hopeful function of nanobodies for studying the
role of the EGFR in health and disease.

Regarding their small size, single domain nature and improved
stability, nanobodies represent promising candidates for facilitated
delivery to the brain. Zheng et al. reviewed the application of
nanobodies as research tools, diagnostic agents and therapies in
brain diseases, focusing on brain tumors, Alzheimer’s disease, and
Parkinson’s disease. In this study, they provide an overview of the
different methods for transportation of nanobodies to the brain.
The natural methods of brain-blood-barrier (BBB) penetration
include passive diffusion, active efflux, carrier-mediated transport
and transcytosis. Other strategies of cerebral delivery of nanobodies
employ the structures with the ability to pass the brain as well as
some means that temporarily increase the BBB permeability.

CD38 is a tumor antigen which is overexpressed in multiple
myeloma, and has emerged as an ideal therapeutic target for cancer
therapeutics. Hambach et al. reviewed the application of nanobody-
based biologics including heavy chain antibodies, bispecific or
trispecific killer cell engagers (BiKEs or TriKEs), CAR-NK cells,
and nanobody-displaying adeno-associated viral vectors in efficient
targeting of CD38-expressing myeloma cells. Detection of multiple
myeloma in patients treated with daratumumab, a CD38-specific
monoclonal antibody, is difficult due to the overlapping binding
sites of daratumumab and CD38-specific imaging antibodies. Pape
et al. developed a nanobody that identifies a unique, non-
overlapping epitope on CD38 and labeled it with Alexa Fluor 680.
This nanobody could preferentially bind to CD38 on myeloma cells,
allowing selective imaging of CD38-expressing xenografts in
daratumumab-pretreated mice.

In recent years, oncolytic viruses (Ovs) have emerged as a
worthwhile treatment option in cancer therapy. Jafari et al.
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reviewed the role of combining oncolytic virotherapy and
antibody-based therapeutic approaches in cancer. They discussed
the benefits of OVs’ combination with antibodies, nanobodies, CAR
T cells, and antigen presenting cells to reduce side effects and boost
anti-tumor efficacy. The results of ongoing clinical trials can
help researchers create innovative combination therapy systems
and bring forth ground-breaking treatments for patients.
Kadkhodazadeh et al. investigated whether the SpyTag-
SpyCatcher system can modulate adenovirus (Ad) tropism and
induce covalent virus-adaptor molecule interactions. SpyCatcher
was genetically fused with a VEGFR2-specific nanobody to develop
a retargeted Ad vector. The recombinant Ad vector, which included
a SpyTag peptide in its HI loop, could efficiently target VEGFR2-
expressing cells via the primary Ad receptor-independent pathway.
The results indicated that this functionalized Ad vector has
therapeutic promise for cancer. This viral vector may target
additional ligands for theranostic purposes and reduce the
hepatotoxicity of systemic Ad delivery.

Considering the advantages of nanobodies and their
applications, as well as the research cited regarding the use of
nanobodies in the treatment and detection of different diseases,
particularly cancer, it can be concluded that nanobodies could
definitely be employed as an effective therapeutic and
diagnostic agent.
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Claudin 18.2 (CLDN18.2), a tight junction (TJ) family protein controlling molecule
exchange between cells, is frequently over-expressed in gastric cancer, pancreatic
adenocarcinomas and in a fraction of non—small cell lung cancer cases. The tumor
properties indicate that CLDN18.2 could be an attractive drug target for gastric and
pancreatic cancers. In this study, we present effective strategies for developing anti-
CLDN18.2 therapeutic candidates, based on variable domain of heavy chain of heavy
chain antibodies (VHHs). CLDN18.2-specific VHHs were isolated by panning a phage
display library from an alpaca immunized with a stable cell line highly expressing
CLDN18.2. Humanized VHHs fused with human IgG1 Fc, as potential therapeutic
candidates, exhibited desirable binding specificity and affinity to CLDN18.2. In vitro
experiments showed that hu7v3-Fc was capable of eliciting both antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) on CLDN18.2
positive tumor cells. In the mouse xenograft model, the anti-tumor efficacy of hu7v3-Fc
was significantly more potent than Zolbetuximab, the benchmark anti-CLDN18.2
monoclonal antibody. Moreover, in vivo biodistribution using zirconium-89 (89Zr) labeled
antibodies demonstrated that hu7v3-Fc (89Zr-hu7v3-Fc) exhibited a better tumor
penetration and a faster tumor uptake than Zolbetuximab (8°Zr-Zolbetuximab), which
might be attributed to its smaller size and higher affinity. Taken together, anti-CDLN18.2
hu7v3-Fc is a promising therapeutic agent for human CLDN18.2 positive cancers.
Furthermore, hu7v3 has emerged as a potential module for novel CLDN18.2
related therapeutics.

Keywords: Claudin 18.2, VHH, gastric cancer, pancreatic cancer, ADCC, CDC
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VHH Against CLDN18.2 Positive Cancers

INTRODUCTION

Gastric cancer (GC) and pancreatic cancer (PC), both accounted
for 12.4% of all cancer mortalities in 2020 (1), are among the
leading causes of cancer-related deaths worldwide. Due to
insufficient early symptoms, patients with gastric cancer and
pancreatic cancer are usually diagnosed at advanced stages with
poor prognosis. Although various therapeutic approaches, such
as chemotherapies, immunotherapies and targeted therapies,
have been developed, the 5-year survival rates for patients with
advanced GC and PC are still dismal (2, 3).

Claudin 18 (CLDN18) is a member of the claudin family with
four transmembrane domains. CLDN18 has two extracellular
loops, loop 1 and loop 2. CLDN18 has two splice variants in
human, CLDN18.1 and CLDN18.2, which difter by 21 amino
acids among the first 69 amino acids at the N-terminus but only
8 amino acids in the extracellular domain 1 (4). In normal
healthy tissues, CLDN18.1 is strictly expressed on epithelial cells
of lung tissue, while CLDN18.2 is confined to differentiated
epithelial cells in stomach, such as mucous cells, parietal cells
and chief cells (5, 6). However, CLDN18.2 is abnormally
expressed in multiple cancers, including diffuse-type GC (7),
PC (5, 8, 9), esophageal adenocarcinomas (10) and a small
proportion of non-small cell lung cancer (11).

The variable domains of heavy chain of heavy chain
antibodies (VHHs) represent the smallest naturally derived
antigen-recognizing domains. Because of the significantly
smaller in size than conventional monoclonal antibodies,
VHHs could have a better tumor penetration and a faster
tumor uptake than conventional monoclonal antibodies (12).
Moreover, VHHs are highly stable and could be easily employed
as building blocks for multiple formats of bi-specific antibodies
and tri-specific antibodies with high affinity and avidity (13, 14).
Thus, VHHs have certain advantages over conventional IgG in
antibody drug development.

Here in this study, we present effective strategies for
developing anti-CLDN18.2 VHH antibodies with high affinity
and specificity. hu7v3-Fc, one of the humanized candidates fused
with human IgGl Fc, showed antibody-dependent cellular
cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) on CLDN18.2 positive tumor cells in vitro. Meanwhile in
the mouse xenograft model, hu7v3-Fc demonstrated strong
efficacy of anti-tumor and nuclides targeted delivery ability,
indicating that it is a promising therapeutic agent for human
CLDN18.2 positive cancers.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

CHO-K1, CHO-CLDN18.1-GFP (CLDNI18.1 and GFP co-
expressing) and CHO-CLDN18.2-GFP (CLDN18.2 and GFP co-
expressing) cells were cultured in CD02 medium (Quacell) at 37°C
in a 5% CO, incubator with constant agitation at 120 rpm. ADCC
bioassay effector cells were maintained in 90% RPMI1640 medium
(BasalMedia) with L-glutamine and 10% fetal bovine serum (FBS,
ExcellBio), 100 ug/mL hygromycin (Invivogen), 250 pg/mL G-418

sulfate solution (Invivogen), sodium pyruvate (1 mM, Gibco) and
MEM non-essential amino acids (0.1 mM, Gibco), at 37°C in a
humid incubator with 5% CO,. SNU-620 (human gastric cancer
cell line with endogenous CLDN18.2 expression) and NUGC4-
CLDN18.2 (human gastric cancer cell line with exogenous
CLDNI18.2 expression) cells were grown in RPMI1640 medium
supplemented with 10% FBS. MIA PaCa-2-CLDN18.2 cells
(human pancreatic cancer cell line with exogenous CLDN18.2
expression) were grown in DMEM high glucose medium
supplemented with 10% FBS.

Phage Library Construction

A healthy female alpaca was immunized with 1.0 x 10" CHO-
CLDN18.2-GFP cells, with Freund’s adjuvant (Sigma) as an
immunopotentiator. A total of three immunizations were
performed with an interval of 21 days between each
immunization. Next, 30 mL of alpaca whole blood was
harvested in a vacuum blood collection tube a week after the
final immunization. Lymphocytes were then isolated using
separation medium (Ficoll-Paque Plus, Sigma). Extracted total
RNA (Trizol, Ambion) was used as a template for synthesizing
cDNA by reverse transcription (Super Scrip III First Strain,
Invitrogen). Synthesized cDNA was used as a template for the
NEST polymerase chain reaction (PCR) to amplify the VHH
sequences. The amplification primers for the first round of
PCR were 5'-CTTGGTGGTCCTGGCTGC-3" and 5'-
ggtacgtgctgttgaactgttce-3’. The products from the first round of
PCR were used as a template for the second round. The forward
and reverse primers used in the second round PCR were 5'-
CATGCCATGACTGTGGCCCAGGCGGCCCAGKTGCAGC
TCGTGGAGTC-3' and 5'-CATGCCATGACTCG
CGGCCGGCCTGGCCGTCTTGTGGTTTTGGTGTCTTGGG-
3', respectively. Amplified VHH fragment products were collected
with a gel extraction kit (BioMIGA). Purified fragments were
digested by Sfil (NEB) and then ligated to phagemid pCom3xss
(Addgene, #63890). The ligation products were transformed into
an Escherichia coli-competent strain, ER2738, by electroporation.

Bio-panning of CLDN18.2 VHH

The cloned VHH repertoire was expressed at the tip of M13
virions with the assistance of M13KO7 helper phage (NEB).
CHO-K1 and CHO-CLDN18.2-GFP cells were used in the first
round of bio-panning to eliminate non-specific phage binders
and enrich positive phages. Briefly, 4.5 x 10" CHO-K1 cells were
washed with phosphate-buffered saline (PBS) before being
blocked with 2% milk powder. A phage library (approximately
5.7 x 10" plaque-forming units) was added to the blocked CHO-
K1 cells and rotated at 4°C for 1 h. Cells were pelleted to collect
the supernatant which was then added to the blocked CHO-
CLDN18.2-GFP cells (1.5 x 107 cells) and incubated at 4°C for
1 h. To elute bound phages, cells were pelleted and washed before
being resuspended in 1 mL of 0.1 M Glycine-HCI (pH 2.2) with
1 mg/mL bovine serum albumin (BSA, Sango Biotechnology).
After centrifugation, the supernatant was collected and
neutralized with 1 M Tris-HCl (pH 8.0). The solution
containing the enriched phage particles with CLDN18.2-
specific VHH was used to infect 5 mL of logarithmic phase
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ER2738. Negative screening (by CHO-K1 cells and CHO-
CLDN18.1-GFP cells) and positive screening (by CHO-
CLDNI18.2-GFP cells) was performed for another two rounds
of panning before anti-CLDN18.2 phages were enriched. Eighty
clones were randomly picked and cultured in a deep 96-well plate
at 37°C. Cultures were then infected with M13KO7 helper
phages to rescue and express the VHH at the tip of
phage particles.

The cellular enzyme-linked immunosorbent assay was used to
determine positive clones. The supernatant from the phage
clones was diluted with 3% BSA. 50 pL of diluted phages were
added to 96-well microtiter plates containing 50 uL of BSA-
blocked CHO-K1, CHO-CLDN18.1-GFP, and CHO-CLDN18.2-
GEP cells (5 x 10° cells each well). Mouse anti-M13 phage-
horseradish peroxidase conjugate (Sinobiological) was used as a
detection antibody, and tetramethylbenzidine was used as a
visualizing agent. The reactions were terminated by 2 M
H,SO,4, and absorption was measured at 450 nm by a
VersaMax microplate reader (Molecular Devices). Eighteen
putative positive clones were further sequenced and eight
unique clones were obtained finally.

Humanization, Expression and Purification
Anti-CLDN18.2 VHHs were humanized as described previously
(15). Briefly, complementarity determining regions (CDRI,
CDR2 and CDR3) of the NbBcll10p5;4 (PDB:3EAK) scaffold
were replaced with the corresponding region of anti-CLDN18.2
VHHs, according to the International ImMunoGeneTics
information system (IMGT) amino acid numbering.
Furthermore, crucial amino acid residues of FR2 were
substituted to mimic the human DP-47 reference sequence, in
order to improve the physicochemical properties.

The DNA fragment coding for the human IgGl Fc (16),
containing the full hinge region (EPKSSDKTHTCPPCP), was
fused to the DNA fragment coding for the full length of VHH
and cloned into the pcDNA3.1 expression plasmid. VHH-Fc
encoding plasmids were introduced into HEK293F cells with
polyethyleneimine (Polysciences, Inc.). The transfected cells
were cultured for 7 days and supernatant was harvested. The
desired products were further purified with Protein A affinity
column (BestChrom). The benchmark Zolbetuximab were
expressed and purified following the patent US9751934B2.

Immunohistochemistry

The frozen tissue section slides were fixed in acetone for 15
minutes and subsequently washed by PBS. Endogenous
peroxidases and non-specific binding were blocked by
incubating with 3% hydrogen peroxide for 10 minutes and
with 3% BSA, respectively. Slides were incubated with primary
antibodies for 30 minutes at room temperature, followed by a 30-
minute incubation with horseradish peroxidase-conjugated goat
anti human IgG antibodies (Thermofisher). Antibody binding
was visualized by incubating with the peroxidase substrate 3,3’-
diaminobenzidine (DAB, GeneTech) for 5 minutes. After
counterstaining with hematoxylin (Sangon Biotechnology),
tissue sections were analyzed using light microscopy (Nikon).

Antibody-Dependent Cellular

Cytotoxicity Assay

The reporter-based surrogate ADCC bioassay was carried out
with Jurkat cells, engineered to express FcyRIIla and an NFAT
response element driving expression of firefly luciferase, as
effector cells. Briefly, 1.5 x 10> ADCC bioassay effector cells
(E) were mixed with 3 x 10* CHO-CLDN18.2-GFP target cells
(T) to make the final E:T = 5:1, for a final volume of 50 pL in a U-
bottom plate. Test antibodies were then serially diluted into a
final volume of 25 pL and added to the assay system before
placed in a CO, incubator for 20 h. Finally, 75 pL of BIO-Glo
Luciferase Assay Reagent (Promega) was added to the assay
system to measure luminescence using a SpectraMax i3
(Molecular Devices).

Peripheral blood mononuclear cells (PBMCs) were used as
effector cells and SNU-620 cells were used as target cells in
PBMC-based assays. Briefly, 5.0 x 10> PBMCs were mixed with
2 x 10* SNU-620 cells to make the final E:T ratio 25:1, for a final
volume of 100 uL in a U-bottom plate. Test antibodies were then
serially diluted into a final volume of 50 pL and added to the
assay system before incubated for 20 h. The culture supernatants
were collected and applied to LDH release assay (Promega).

Complement-Dependent

Cytotoxicity Assay

Complement-dependent cytotoxicity was assessed by flow
cytometry. Briefly, CHO-CLDN18.2-GFP and NUGC-
CLDN18.2 were harvested and resuspended in Opti-MEM
medium (Thermofisher). Cell density was adjusted to 1 x 10°
cells/ml and 50 pl of cells was seeded into each well. 50 pl of test
antibodies at various concentration and 50 pl of human AB
serum (15%, Schbio) used as a source of the complement were
added into each well. The plate was placed at 37°C in a 5% CO,
incubator for 2 hours. Thereafter, add 50 ul of propidium iodide
(PL, Thermofisher) into each well and analyze the cells using a
flow cytometer immediately.

Xenograft Tumor Model

To establish human gastric cancer or pancreatic cancer xenograft
models, six-eight weeks old female CB17 SCID mice (Vital River
Laboratory) were subcutaneously injected with 1x10” SNU-620 cells
or 1x10” MIA PaCa-2-CLDN18.2 cells, mixed with Matrigel Matrix
(Corning) with a ratio of 1:1. The mice were randomly divided into
five groups: PBS as a vehicle control, 5.7 mg/kg Zolbetuximab as a
positive control, 0.3 mg/kg, 1.0 mg/kg and 3.0 mg/kg hu7v3-Fc as
the experimental groups, when the tumor volumes reached 170
mm® or 236 mm”. Test antibodies were given by intraperitoneal
injection three times per week (TIW) for five weeks.

Tumor volume were measured twice per week with a vernier
caliper and determined according to the following equation:
Tumor volume (mm?®) = 1/2 length x width?. After the mice
were sacrificed, the tumors were dissected and photographed.

In vivo Biodistribution Studies
In vivo biodistribution studies were performed using a SUN-620
xenograft mouse model to compare the tumor update between

Frontiers in Immunology | www.frontiersin.org

10

June 2022 | Volume 13 | Article 885424


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhong et al.

VHH Against CLDN18.2 Positive Cancers

hu7v3-Fc and Zolbetuximab. Both hu7v3-Fc and Zolbetuximab
were radiolabeled with zirconium-89 (¥Zr), formulated, and
administered to mouse respectively (17). Mice were
anesthetized and sacrificed at 4, 24, 48, 72, 96, 120 h,
respectively. The amounts of radioactivity in interest tissues
(Brain, heart, liver, spleen, lung, kidney, muscle, bone and the
tumor) were measured with a gamma counter. Radioactivity
uptake was calculated as the percentage of the injected dose per
gram of tissue (%ID/g).

Statistical Analysis

All statistical analyses were performed with Graphpad Prism 6
software. Experimental data were expressed as mean + SD or
mean * SEM. Two-group comparisons were analyzed by
Student’s ¢ test. p < 0.05 was considered significant.

RESULTS

Library Construction and Bio-panning
As a membrane protein with four transmembrane domains, it is
challenging to prepare purified recombinant CLDN18.2 protein
in its native conformation. In this study, we constructed a phage
display library after immunization of an alpaca with CHO-
CLDN18.2-GFP cells, which overexpress the full length of
CLDNI18.2. VHH gene segments were cloned into a phagemid
vector, resulting in a phage library of 1.23 x 10° size.

After three rounds of bio-panning, eighty clones were
randomly picked for CLDN18.2-binding test, and 18 potential

positive clones were identified. After sequence analysis, eight
unique sequences were successfully obtained. Compared with
conventional VH region, of which the framework region 2 (FR2)
has highly conserved hydrophobic amino acids (Val42, Gly49,
Leu50 and Trp52) (18), the four amino residues are substituted
for more hydrophilic amino acids (Tyr42, Glu/GIn49, Arg50 and
Leu/Phe52) in our isolated VHHs (Figure 1A). Meanwhile, all
the clones have longer CDR3 loops with 14~16 amino acids,
which is a typical feature of VHHs (19). Using the anti-
CLDN18.2-7 as an example, all the VHHs were further
humanized as described previously (15). To increase stability,
solubility, and affinity, crucial amino acid residues were
substituted to obtain an optimum version of humanized VHH,
anti-CLDN18.2-hu7v3 (Supplementary Figure S1). The
humanized VHH was fused to the Fc domain of human IgG1
to produce a homodimer chimeric protein, anti-CLDN18.2-
hu7v3-Fc (simplified as hu7v3-Fc), capable of bivalent binding,
ADCC and CDC activities (Figure 1B). Three of the Fc fusion
proteins, hu7v3-Fc, hu28v3-Fc and hu69v3-Fc, showed higher
affinity to CLDN18.2 than others (Supplementary Figure S2).
As hu28v3-Fc and hu69v3-Fc showed lower solubility and
stronger aggregation (data not shown), we chose hu7v3-Fc as a
leading drug candidate.

Characterization of hu7v3-Fc

The specificity of hu7v3-Fc to recognize CLDN18.2 membrane
protein was evaluated. In flow cytometry assays, the Zolbetuximab
(benchmark) and human IgGl isotype were employed as a
positive control and a negative control, respectively. As shown
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FIGURE 1 | Isolation of anti-CLDN18.2 VHH variants. (A) Amino acid sequences of anti-CLDN18.2 VHHs. Sequences are presented using one-letter amino acid
abbreviations. DNAMAN was used to generate the alignment. Complementarity determining regions (CDRs) are shown. Four hydrophilic amino acids (Tyr42, Glu/
GIn49, Arg50 and Leu/Phe52) critical for humanization are indicated with red arrows. (B) Schematic composition of hu7v3-Fc structure in this study. Anti CLDN18.2
VHH hu7v3 is indicated in orange, and the human IgG1 Fc domain including the hinge, CH2 and CH3 domains is indicated in gray.
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in Figure 2A, MFI signals of hu7v3 and Zolbetuximab on CHO-
CLDNI18.2-GFP cells were significantly higher than that on CHO-
CLDNI18.1 cells, indicating an excellent specificity of hu7v3 to
CLDN18.2 positive cells.

Because the expression of CLDN18.2 is strictly confined to the
differentiated epithelial cells of the gastric mucosa, the binding
specificity of hu7v3-Fc was also assessed with THC. As
demonstrated in Figure 2B and Supplementary Figure S3,
only stomach antrum and stomach body tissue specimens
showed strong positive staining for hu7v3-Fc, whereas other
tissue specimens did not react with hu7v3-Fc. The binding
affinity to CLDN18.2 was furtherly analyzed. As calculated
from dose-responsive curves, hu7v3-Fc, with a Kp value of
1.32 x 10 M, shows a higher affinity to CLDN18.2 than
Zolbetuximab (Supplementary Figure S4).

ADCC and CDC Efficacy of hu7v3-Fc
To determine the ability of hu7v3-Fc to trigger ADCC, reporter-
based surrogate assay was performed, using engineered Jurkat

cells expressing FcyRIIla and NFAT response element-driven
firefly luciferase as effector cells. PBMC-based LDH release assay
was also performed. In the surrogate assay, the ADCC of hu7v3-
Fc (ECso = 0.007 nM) was 12.4-fold greater than that of
Zolbetuximab (ECsy = 0.087 nM) against CHO-CLDN18.2-
GFPs (Figure 3A). In the PBMC-based assay, the gastric cell
line SNU-620 cells which endogenously express CLDN18.2 were
used the target cells. The activity of hu7v3-Fc (ECso = 2.583 ng/
ml) to mediate ADCC was 82.7-fold higher than that of
Zolbetuximab (ECso - 397.0 ng/ml), while the human IgGl
isotype failed to produce an obvious dose-dependent signal
curve (Figure 3B), indicating the CLDN18.2 specific
mechanism of action of hu7v3-Fc.

The CDC capacity of hu7v3-Fc was assessed using human AB
serum as a source of complement and NUGC4-CLDN18.2 and
CHO-CLDN18.2-GFP, both over-express CLDN18.2
(Supplementary Figure S5A), as target cells. Of note, flow
cytometry analysis demonstrated that hu7v3-Fc and
Zolbetuximab exhibited similar CDC activities on both target
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employed as the positive control antibody, and human IgG1 isotype as the negative control antibody. CLDN18.1 and CLDN18.2 was co-expressed with GFP in
CHO-CLDN18.1-GFP and CHO-CLDN18.2-GFP cells, respectively. (B) IHC analysis to determine the specificity of hu7v3-Fc to CLDN18.2. Frozen sections of colon,
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CLDN18.2 (left) cells and CHO-CLDN18.2-GFP (right) cells as the target cells, respectively.

cells, while the IgGl1 isotype control showed no obvious CDC
activity (Figure 3C). Although hu7v3 opsonized cells are better
at binding to Clgq, this binding does not translate directly to a
higher CDC activity (Supplementary Figure S5.B).

Antitumor Activity of hu7v3-Fc in vivo

Next, we evaluated the antitumor effect of hu7v3-Fc using a
human gastric cancer cell line SNU-620 cells xenograft model.
The results indicated that SNU-620 tumor growth was
significantly suppressed in mice even treated with low dosage of
hu7v3-Fc (0.3 mg/kg), compared with PBS-treated group of mice.
Meanwhile, the inhibitory effect of 3 mg/kg hu7v3-Fc on tumor
growth was stronger than that of equal molar dosage (5.7 mg/kg)
of Zolbetuximab (tumor growth inhibition (TGI): 104.5% vs
84.5%, p < 0.05) (Figure 4A and Supplementary Table 1).

A human pancreatic cancer cell line MIA PaCa-2-CLDN cells
derived xenograft model was also created to assess the antitumor
efficacy of hu7v3-Fc. As shown in Figure 4C and Supplementary
Table 2, all the dosages of hu7v3-Fc (0.3 mg/kg, 1.0 mg/kg, 3.0
mg/kg) have stronger anti-tumor effects than Zolbetuximab (5.7
mg/kg). There were no significant differences in the body weight
between the five groups (Figures 4B, D), suggesting that hu7v3-
Fc is a safe and promising therapeutic candidate.

Biodistribution Studies

Biodistribution studies with ®°Zr-hu7v3-Fc and *°Zr-
Zolbetuximab were investigated in a SUN-620 subcutaneous
xenograft model. In vivo biodistribution at 4, 24, 48, 72, 96,
120 h post-injection was showed in Figures 5A, B. Compared
with *Zr-Zolbetuximab, *Zr-hu7v3-Fc showed faster tumor
uptake and better tumor penetration at all time points, and its
accumulation in tumor tissue reached a plateau (49.43 + 9.86 ID
%/g) at 72 h. Meanwhile, **Zr-hu7v3-Fc revealed higher tumor-

to-muscle ratio and comparable tumor-to-liver ratio to *Zr-
Zolbetuximab (Supplementary Figure S6).

DISCUSSION

Globally, Gastric cancer is the 4™ most common malignancy and
the 2™ leading cause of cancer mortality (20, 21); while
pancreatic cancer is the 12™ most common malignant disease
and the 7th leading cause of cancer death (22). Even with
effective early diagnosis, many patients are diagnosed with
advanced or metastatic disease. Among the patients with
advanced or metastatic stage, the survival outcomes are still
dismal; the 5-year survival rate is less 20% for gastric cancer (23)
and is only 2% for pancreatic cancer (24). Therefore, there are
urgent unmet clinical needs for both of gastric cancer and
pancreatic cancer.

In normal tissue, Claudin 18.2 is strictly expressed in gastric
mucosa. However, the expression of CLDN18.2 is frequently
ectopic activated in a diversity of human cancers (4), such as
gastric cancer and pancreatic cancer. These characteristics
suggest CLDN18.2 can be an ideal molecule for targeted
therapy. Up to now, there were no approved antibody drugs
against Claudin 18.2. Zolbetuximab, a chimeric IgG1
monoclonal antibody, is the first-in-class antibody drug under
clinical development that specifically binds to CLDN18.2 and
mediates cell death by triggering ADCC and CDC activities (25).
Phase II clinical trial revealed that, for the overall population,
both progression-free survival (PFS) and overall survival (OS)
were significantly improved in zolbetuximab combined with
EOX group, as compared with those in EOX alone group
(median PFS: 7.5 months vs 5.3 months, p < 0.0005; median
OS: 13.0 months vs 8.3 months, p < 0.0005) (26). The most
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adverse events related to therapy include grade 1-2 of nausea,
vomiting, neutropenia and anaemia, indicating the safety of
CLDN18.2-targeting strategy in gastric cancer. Meanwhile,
preclinical studies demonstrated that zolbetuximab mediated
antitumor activity via inducing ADCC and CDC in pancreatic
cancer models (27). Other alternative CLDN18.2-targeting
therapeutic agents, such as CAR-T (NCT03890198,
NCT03159819), bispecific antibody (NCT04260191) and ADC
(NCT05009966, NCT04805307), are also ongoing.

Zolbetuximab

Zolbetuximab. Data are displayed with Mean + SD (n = 3).
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FIGURE 4 | /n vivo tumor inhibition efficacy of anti-CLDN18.2 7v3-Fc. (A, C) Tumor growth curves of SNU-620 and MIA PaCa-2-CLDN18.2 bearing mice injected
with different formulations, respectively. (B, D) Body weight changes of SNU-620 and MIA PaCa-2-CLDN18.2 bearing mice injected with different formulations,
respectively.Data are shown as mean = SEM, n = 8, *p < 0.05, **p < 0.001 (vs Vehicle); “p< 0.05 (vs Zolbetuximab).

Since the discovery of heavy chain only antibodies from
camelid family in 1993, the application field of the VHHs has
been rapidly growing. Being significantly smaller in size than
the conventional monoclonal antibodies, VHHs usually have a
better tumor penetration and a faster tumor uptake than
conventional monoclonal antibody, as we demonstrated in
Figure 5. This is a big advantage of VHHs compared to
conventional monoclonal antibody drugs. Moreover, their
longer CDR3 loops allows them to access the buried or
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FIGURE 5 | In vivo tumor location of 8%Zr labeled 7v3-Fc. (A) 8°Zr PET-CT imaging in mice bearing subcutaneously SNU-620 tumors showed specific tumor
location. Red arrowheads indicate the location of tumors. (B) Time-radioactivity curves derived from PET-CT imaging after injection with 8°Zr labeled hu7v3-Fc and
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hidden epitopes in proteins, such as the active sites of enzymes
(28). Furthermore, VHHs can be building blocks for multiple
bi-specific antibodies and tri-specific antibodies which can
target multiple antigens and are of properties that are not
offered by combination of two or three monoclonal
antibodies (13, 14). Caplacizumab, the first VHH-based
medicine, has been approved by FDA for adults with
acquired thrombotic thrombocytopenic purpura (aTTP)
in 2019 (29). VHHs labeled with different isotopes or
fluorophores have been applied for tumor imaging (30), such
as epidermal growth factor receptors (EGFRs) positive cancers.
VHHs can be expressed as multi-specific formats
simultaneously targeting multiple proteins with high affinity
and their serum half-life can be prolonged by PEGylation, by
fusion with long-lived serum albumin or IgG-Fc (31); or by
fusion with an affinity reagent that recognizes and binds such
long-lived serum proteins (32). Additionally, fusions of
targeting VHHs to human IgGl Fc can be used to recruit
effector functions of ADCC and CDC (33). Altogether,
development of VHH-based therapeutic agents is now in
the ascendant with broad medical needs.

The use of synthetic peptide conjugated with carrier protein
such as keyhole limpet hemocyanin (KLH) or BSA is the most
popular strategy to generate antibodies (34). However, anti-
peptides antibodies usually fail to recognize the native-state
structure of membrane protein on the living cells. As most
currently available VHHs recognize conformational epitopes
rather than linear peptides (35), in our study, CHO-K1 cells
engineered to express CLDN18.2 were used as immunogen in an
alpaca. By cloning the VHH repertoire from the blood
lymphocytes, expressing this repertoire on phages and bio-
panning phages on CLDNI18.2 expressing cells, eight
CLDN18.2 positive VHHs were retrieved.

To improve affinity, circulation half-life, capacity to mediate
anti-tumor cytotoxicity such as ADCC and CDC, the
humanized anti-CLDN18.2 VHH 7v3 was fused to human
IgG1 Fc to generate a bivalent fusion protein hu7v3-Fc. Flow
cytometric assays and IHC staining demonstrated that hu7v3-
Fc binds to CLDN18.2 with high affinity and specificity. In the
cytotoxic assays, hu7v3-Fc was stronger than Zolbetuximab in
the capacity to induce ADCC. Although hu7v3-Fc opsonized
cells revealed a higher affinity to Clq, it mediated a
CDC potency comparable to that by Zolbetuximab. The
uncorrelation between Clq binding ability and CDC potency
may stem from the nature of the assay methods. As the Clq
binding assay was subjected to multiple cycles of washing step,
Zolbetuximab because of its lower affinity is susceptible to be
washed away form cell surface. In the CDC assay, Zolbetuximab
could retained on the cell surface as no washing steps.
Additionally, the possibility that hu7v3 and Zolbetuximab
recognize different epitopes, thus affecting the CDC activity,
cannot be ruled out.

In the mouse xenograft models, hu7v3-Fc was shown to be an
promising therapeutic agent targeting CLDN18.2. In addition,
hu7v3-Fc (around 75 kDa) is considerably smaller than
Zolbetuximab (around 150 kDa). As a result, hu7v3-Fc

exhibited faster tumor uptake, better tumor penetration and
higher tumor-to-muscle ratio than Zolbetuximab, which may
translate to improved therapeutic efficacy in cancer patients. It is
worth noting that Zolbetuximab was prepared according to the
patent US9751934B, any differences in production cell line,
culture conditions and formulation, may attribute to the
efficacy of the final product. Additionally, we performed long
term toxicity study of hu7v3-Fc in SD rats and cynomolgus
monkeys (data not shown), and found gastric atrophy/mixed cell
inflammation/epithelial hyperplasia in hu7v3 treated animals
during the dosing phase. However, a trend of recovery was
observed at the end of the recovery period.

In summary, by whole cell immunization of an alpaca, a
series of VHHs binding to CLDN18.2 with high specificity and
affinity were discovered. The lead molecule, anti-CLDN18.2
hu7v3-Fc, demonstrated enhanced in vitro and in vivo anti-
tumor activities, compared to the benchmark Zolbetuximab in
CLDN18.2-positive gastric and pancreatic tumor cells.
Additionally, these VHHs-based CAR-T and bispecific
antibody for cancer therapy are under ongoing development.
Future study will be conducted on incorporation of
combination therapies, including chemotherapy, checkpoint
blockade and cytokine therapies to further improve treatment
of CLDN18.2 positive solid tumors.
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Tripartite split-GFP assay to
identify selective intracellular
nanobody that suppresses
GTPase RHOA subfamily
downstream signaling

Laura Keller'?, Claudine Tardy’, Laetitia Ligat®, Soazig Le
Pennec?, Nicolas Bery?, Faten Koraichi, Patrick Chinestra®,
Mélissa David*, Rémi Gence*, Gilles Favre'?,

Stéphanie Cabantous®* and Aurélien Olichon™**

‘Centre de Recherche en Cancérologie de Toulouse (CRCT), Université de Toulouse, Institut
National de la Santé et de la Recherche Médicale (INSERM), Centre National de la Recherche
Scientifique (CNRS), Université Toulouse IlI-Paul Sabatier, Centre de Recherches en Cancérologie
de Toulouse (CRCT), Toulouse, France, ?Laboratoire de Biologie Médicale Oncologique, IUCT-
Oncopdle, Toulouse, France, 3Le Péle Technologique du Centre de Recherches en Cancérologie
de Toulouse, Plateau de Protéomique, Toulouse, France, #Institut National de la Santé et de la
Recherche Médicale (INSERM), Unité Mixte de Recherche (UMR) 1188 Diabete athérothrombose
Réunion Océan Indien (DETROI), Université de La Réunion, Saint Denis de La Réunion, France

Strategies based on intracellular expression of artificial binding domains
present several advantages over manipulating nucleic acid expression or the
use of small molecule inhibitors. Intracellularly-functional nanobodies can be
considered as promising macrodrugs to study key signaling pathways by
interfering with protein-protein interactions. With the aim of studying the
RAS-related small GTPase RHOA family, we previously isolated, from a
synthetic phage display library, nanobodies selective towards the GTP-bound
conformation of RHOA subfamily proteins that lack selectivity between the
highly conserved RHOA-like and RAC subfamilies of GTPases. To identify
RHOA/ROCK pathway inhibitory intracellular nanobodies, we implemented a
stringent, subtractive phage display selection towards RHOA-GTP followed by
a phenotypic screen based on F-actin fiber loss. Intracellular interaction and
intracellular selectivity between RHOA and RACL1 proteins was demonstrated
by adapting the sensitive intracellular protein-protein interaction reporter
based on the tripartite split-GFP method. This strategy led us to identify a
functional intracellular nanobody, hereafter named RH28, that does not cross-
react with the close RAC subfamily and blocks/disrupts the RHOA/ROCK
signaling pathway in several cell lines without further engineering or
functionalization. We confirmed these results by showing, using SPR assays,
the high specificity of the RH28 nanobody towards the GTP-bound
conformation of RHOA subfamily GTPases. In the metastatic melanoma cell
line WM266-4, RH28 expression triggered an elongated cellular phenotype
associated with a loss of cellular contraction properties, demonstrating the
efficient intracellular blocking of RHOA/B/C proteins downstream interactions
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without the need of manipulating endogenous gene expression. This work
paves the way for future therapeutic strategies based on protein-protein
interaction disruption with intracellular antibodies.

KEYWORDS

RHOA GTPase, tripartite split-GFP, nanobodies, RHO-ROCK signaling, single domain

antibody (sdAb)

Introduction

Recombinant antibody technology has so far provided
genetically encoded high affinity reagents for common
immunological assays used in fundamental and applied research
(1-3). Peculiar applications such as tracing or modulating
intracellular proteins in living cells are ascribed to special
antibody fragments or alternative scaffolds that rely on single
chain binding domains (4). Among antibody fragments that can
be used inside the cell, nanobodies have emerged as promising
molecular tools (5, 6). For instance, nanobodies from immunized
animals or from synthetic scaffolds were efficiently engineered to
specifically recognise not only an ectopic protein such as the Green
Fluorescent Protein (GFP) (7, 8), or several linear epitope tags (9,
10), but also endogenous proteins (11, 12). In this regard,
intracellular antibodies (also called intrabodies) present the
advantage to disrupt endogenous protein functions either by
functionalization through targeted protein degradation (13), ER-
rerouting (14), or by competing with endogenous protein partners,
thus offering an alternative strategy to small molecule inhibitors.

Proteins of the RHOA-subfamily (RHOA, RHOB and
RHOC isoforms) are small GTPases belonging to the RAS
superfamily. Likewise, these proteins behave like molecular
switches. Upon stimuli, Guanine nucleotide Exchange Factors
(GEFs) activate a fraction of RHOs (more than 95% of the
cellular RHO proteins are present in the inactive GDP-bound
state (15, 16)), by promoting their GTP loading. This nucleotide
exchange results in a conformational change of the small
GTPase, that is recognized by so-called effector proteins and
triggers downstream cellular response. RHOA-subfamily small
GTPases regulate key signalling pathways implicated in cell
division, cell motility or other cellular processes (17, 18) and
RHOA notably controls the ROCK/acto-myosin pathway that
drives F-actin fiber formation and subcellular region
contractility (19-21). The dysregulations of their expression
and/or activity have been associated with several diseases
including multiple cancers (22, 23), vascular or neurological
disorders (24, 25).

The global inhibition of RHO proteins is currently achieved
by RNA interference or by the use of the ADP-ribosylating
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bacterial exoenzyme C3 (26, 27). RNA interference can induce
compensation mechanisms with other RHO proteins, making the
resulting cellular phenotypes difficult to interpret with this
strategy (13, 28). The ADP-ribosylating bacterial exoenzyme C3
irreversibly modifies RHO proteins leading to their subsequent
degradation. Moreover, some small molecule inhibitors have been
developed to prevent RHO activation, however by targeting a
limited set of GEF (29). Therefore, there is an unmet need for a
strategy that could specifically inhibit the active GTP-bound
forms of RHO proteins, without perturbation of RHO
expression or RAC activities. We hypothesized that intrabodies
preferentially recognizing the conformational active state of these
proteins thereby competing with endogenous effector binding,
could be an efficient strategy. In this line, we previously generated
from a synthetic phage display library (NaLi-H1) based on a
unique nanobody scaffold, several conformational intrabodies that
preferentially bind the conformational state loaded with GTP of
the RAS-related RHO GTPases RHOA or RHOB (13, 30, 31).
However, the clones so far selected which showed potential
blocking activities did not present enough selectivity towards
the RHOA subfamily over the close RACI subfamily, and one
clone that preferentially recognised RHOB was non-blocking
without being functionalized through a domain that recruits a
multicomponent E3-ligase catalytic activity.

Here we present a more selective GTP-bound RHO
nanobody, isolated from the synthetic nanobody library NaLi-
HI1, with RHOA subfamily blocking properties (31). After a
competitive phage display strategy designed to enrich the library
towards RHOA-GTP, we performed a phenotypic screening
based on actin fiber loss associated with immunoprecipitation
assays to identify a new nanobody. We further determined its
intracellular selectivity as well as its effector blocking mechanism
by using the tripartite split-GFP sensitive protein-protein
interaction assay (32, 33). We then demonstrated that this
nanobody interferes with the RHOA/ROCK actomyosin
pathway, leading to a phenotypic switch from a rounded to
elongated phenotype with impaired contractility. Overall, such
nanobody appeared as an original and efficient tool to inhibit
intracellularly GTPase activities in normal cells or in diverse
pathological models.
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Material and methods
Plasmids and lentiviral vectors

RHO GTPases and nanobodies were expressed as
recombinant proteins from bacterial expression vectors or
from mammalian expression vectors. 2SHA-RHO mutants
tagged with the twin Streptag II (IBA) were expressed from a
pET vector as previously described (31). Nanobodies from the
NaLi-H1 library, referred to as hs2dAb for humanized synthetic
single domain antibody, are expressed in a pHEN- hs2dAb-6his-
myc-PIII phagemid. Hs2dAb were subcloned Ncol/Notl into the
intrabody expression plasmid pIB-GFP or pIB-mCherry or pIB-
IRES-MTSmCherry (13, 30, 31). Other intracellular nanobody
expressing plasmids, pTRIP-TRE-Ib-myc-IRES-BFP, pIb-myc
and pIb-myc-IRES-BFP, were also previously described (13).
For periplasmic expression, hs2dAb-6his-myc insert was
digested from pIB-GFP and inserted in a modified pHENG-
VHH-6his, thus creating a periplasmic expression vector
pHENG6-hs2d Ab-6his-myc-6his.

Specific plasmids were constructed for the tripartite split-
GFP assays. For carboxy-terminal GFP11 tag fusions, pIb-
hs2dAb-6hismyc-GFP was digested Agel and Acc65I to
remove the GFP and replaced with a PCR product encoding a
Glycine Serine flexible linker followed by a carboxy-terminal
GFP11 tag. For RHO-GTPases, the pGFP10-RHOA expressing
CA or DN RHOA, RACI or CDC42 mutants were generated by
site-directed mutagenesis and cloned into Bspel/Xbal sites of
pcDNA_GFP10-Nter fusion vector previously described (34).
For the pGFP11-RBD, the Rho Binding Domain of Rhotekin was
amplified by PCR from pGST-RBD pGEX (Addgene#15247)
and inserted into NotI/Clal cloning sites of pcDNA_GFP11-Cter
fusion vector previously described in 19. A pGFP11-RBD-TRE-
GFP10-RHOA lentiviral vector co-expressing 10-RHOA and
RBD-11 was generated by subcloning the pTRE tight RBD-11
cassette into the Mlul site of an HIV-1-based lentiviral pTrip-
vector carrying a tetracycline response element (TRE)
(BIVICplatform, IFR 150, CHU Rangueil, Toulouse).

Cell lines, transfection method
and reagents

HeLa (cervical adenocarcinoma), MRC5-SV (human
immortalized fibroblasts), WM266.4 (metastatic melanoma)
cell lines (ATCC) were grown in DMEM (Lonza®)
supplemented with 10% FCS at 37°C in a humidified
incubator with 5% CO,. Transient transfection of DNA
plasmids was performed using the Jet Prime method, as
indicated by the supplier (PolyPlus Transfection®).

Western Blots were probed with the following antibodies:
mouse monoclonal 26C4 anti-RHOA (1/500, O/N, 4°C, Santa
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Cruz Biotechnology®), goat polyclonal anti-myc tag HRP
conjugated (1/3000, 1 hour, Room Temperature RT, Novus
Biologicals®), mouse monoclonal anti-RAC1 (1/1000, O/N,
4°C, Millipore®), Ser19 P-Myosin light chain (1/500, O/N, 4°C
Cell Signaling Technology®), GAPDH (1/2000, O/N, 4°C, Cell
Signaling Technology®), mouse monoclonal Chitin Binding
Domain (1/1000, O/N, 4°C NEB Biosciences®). Anti-myc tag
(clone 9E10) used in immunofluorescence and flow cytometry
experiments was a gift from S. Moutel. Anti-GFP10 rabbit
polyclonal antibodies were obtained after rabbit immunization
with synthetic peptides corresponding to GFP10
(DLPDDHYLSTQTILSKDLN) (Millegen, France®). Detection
was performed using peroxidase-conjugated secondary
antibodies and chemiluminescence detection kit (Biorad®)
except for Ser19 P-Myosin light chain which was revealed with
Amersham ECL Prime Western Blotting Detection Reagent®.

The production of stable cell lines with tetracycline inducible
(Tet-on) hs2dAb expression was performed with lentiviral
technology. The p-Ib-myc-IRES-BFP lentivirus was produced
according to the tri-transfection procedure using the plasmids
pTRIP-TRE-Ib-myc-IRES-BFP, pLvPack and pLvVSVg
(Sigma®) in 293T cells for viral production. WM266.4 were
previously transduced with the rtTA doxycycline-inducible
transactivator, and then cells were further transduced with the
IB-IRES-BEFP lentivirus containing supernatant.

In order to establish the most homogeneous cell lines, for
transduction efficiency, 24h after doxycycline induction, cells
were then sorted on a BD Influx = cell sorter for their
cytoplasmic BFP fluorescence intensity. Flow cytometry data

were analyzed with Kaluza software (Beckman Coulter®).

Subtractive phage display panning for
isolating RHO-GTP specific hs2dAb

The NaLi-H1 library of humanized synthetic single domain
antibody (31) was used for this study. A subtractive panning
protocol was designed to isolate hs2dAb selective for the RHOA-
GTP-Chitin binding domain from chitinase A1 (CBD) or twin
StrepTag (2S) fusion of RHOA GTPase active mutant (RHOA
L63). Constructions were expressed transiently during 24 hours
in HEK293 cells and captured freshly after cell lysis on magnetic
beads before incubation with the library phages. Chitin magnetic
beads (NEB®) or StrepTactin coated magStrep HC (IBA®) beads
were used. A phage display panning alternating rounds on chitin
beads with rounds on StrepTactin beads was performed during 4
rounds. From the second round of panning, a depletion step on
GDP-loaded wild type RHOA or N19 inactive mutant and on
RHOB L63, RHOC L63, RAC1 L61 active mutants was included.
The adequate amount of antigen coated beads was incubated for
2 hours with the phage library (10'® phages diluted in 1 mL of
PBS + 0.1% Tween 20 + 2% non-fat milk). Phages were
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previously adsorbed on empty streptavidin-coated magnetic
beads (to remove nonspecific binders). Phages bound to
streptavidin-coated beads or chitin beads were recovered on a
magnet. Beads were washed 10 times (round 1), 15 times (round
2) and 25 times including long washes of one hour (rounds 3 and
4) with PBS-Tween 0.1%. Bound phages were eluted using
triethylamine (Sigma Aldrich®) and E. coli (TG1 strain) were
infected with the eluted phages. For rounds 2, 3 and 4, only 10'2
phages were used as input.

Pull down assays

Co-precipitations of intracellular nanobodies (myc-tagged
hs2dAb) with CA RHOA mutants were performed after
transient co-transfection of pCBD-RHOA L63 with pIb-myc
in HeLa cells. After 24 hours, cleared cell lysates containing
CBD-RHO mutants in buffer (50 mM Tris pH 7.4. 500 mM
NaCl, 10 mM MgCl2, 1% TritonX100, protease and phosphatase
inhibitors supplemented) were incubated with chitin beads
(NEB Biolabs®) for 1 hour at 4°C. Co-precipitation was
revealed by RHOA antibody and myc antibody.

Co-precipitations of intrabodies (myc-tagged hs2dAb) with
endogenous mammalian RHO proteins were performed after
doxycycline induction of pIb-myc-IRES-BFP in WM266.4 cells.
Cleared cell lysates were then incubated with His tag purification
beads (Roche®) during 45 minutes at 4°C for Ni-NTA IMAC
pull down. Beads were then washed thrice in washing buffer
(Tris pH 7.4 50 mM, NaCl 150 mM, MgCl2 10 mM, 0.1%
Tween20), and immunoprecipitates were then analyzed by
Western blotting and revealed by RHOA antibody and
myc antibody.

Immunofluorescence staining

Transfected cells grown on coverslips were fixed in 3.7%
paraformaldehyde and permeabilized with PBS-Triton 0.1%,
blocked with PBS-BSA 8%, incubated with primary antibody
mouse monoclonal anti-myc tag (9E10 clone 1/800, O/N, 4°C)
then Pacific blue mouse secondary antibodies (1/400, 1 hour, RT,
BD Bioscience®). Alexa 568-Phalloidin (1/40, 1 hour, RT,
Invitrogen®) was used to reveal actin stress fibers. All
coverslips were mounted in Mowiol. Data acquisition was
carried out on a Zeiss Axiovert inverted microscope and figure
montage using Image J.

In cell interaction using the tripartite
split-GFP assay

MRCS5 cells expressing the GFP1-9 fragment (GFP1-
9_MRCS5) were cotransfected with plasmids expressing either
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GFP10 tagged constitutively active RHOA L63, RAC1 L61 or
CDC42 L61 mutants or inactive RHOA N19 mutant, and with
GFPI11 tagged hs2dAb, RBD or PAK-BD. 20 hours after
transfection, cells were fixed with 3.7% PFA (Sigma-Aldrich®)
and permeabilized with 0.1% triton X100 (Sigma—Aldrich®).
Cells were subsequently co-stained with 9E10 anti-myc
monoclonal (1/3000, 4°C, 1h30min) antibody and with anti-
GFP10 fragment antibody (1/1000, 4°C, 1h30min). Secondary
antibodies were respectively mouse APC and rabbit Pacific blue
(1/100, 1H, 4°C, BD Biosciences®) (1/200, 1H, 4°C BD
Biosciences®). GFP fluorescence was measured using FACS
MACS Quant 10 cytometer®. At least 20,000 gated events
were counted for each sample and analysed using Kaluza
analysis software (Beckman Coulter®). GFP fluorescence was
measured using FACS MACS Quant 10 cytometer®. The
geometric mean from the GFP channel was determined from
the gating region corresponding to double GFP10 and GFP11
positive labelling that correlate to GFP10 RHO mutants and
hs2dAb expression levels respectively.

The GFP fluorescence was also imaged on a Zeiss Axiovert
inverted microscope. For immunofluorescence experiment,
transfected cells were fixed in 3.7% paraformaldehyde and
permeabilized with PBS-Triton 0.1%, blocked with PBS-BSA
8%, incubated with primary antibody mouse monoclonal anti-
myc tag (9E10 clone 1/800, O/N, 4°C) and anti-GFP10 fragment
antibody (1/1000, O/N, 4°C) then respectively with Pacific blue
mouse secondary antibodies (1/400, 1 hour, RT, BD
Bioscience®) and Alexa 568-anti mouse secondary antibody
(1/400, 1 hour, RT, BD Bioscience®).

For intracellular competition experiments, hs2dAb N-
terminally fused to mCherry were co-transfected with a tet-on
inducible bidirectional promoter vector expressing GFP10-
RHOAWT and GFP11-RBD in MRC5_GFP1-9 cells, a cell line
referred to as triSFP-RHOA. 20 hours after transfection, GFP10-
RHOAWT and GFP11-RBD expression were induced with
doxycycline. 16 hours later, GFP fluorescence and hs2dAb
expression were measured using FACS MACS Quant VYB
cytometer. At least 20,000 gated events were counted for each
sample and analysed using Flow]Jo analysis software.

Recombinant protein expression
and purification

RHO GTPase production. 2SHA-RHO were expressed in
BL21 E.coli cells from a pET vector. Transformed bacteria cells
were used to grow 3mL LB-carbenicillin (100 pg/ml) cultures
overnight at 37°C prior to inoculation in baffled flasks
containing 1 L of the same media. Cells were allowed to grow
at 37°C until OD600 reached 0.5-0.7. Cells were then induced
with IPTG at a final concentration of 100 uM and grown for an
additional 20 hours at 25°C. Cells were harvested by
centrifugation at 4000g for 20 min at 4°C. The pellets were re-
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suspended in lysis buffer (50 mM Tris HCI, pH 8, 150 mM NaCl,
5 mM MgCl2, 0.1% triton, 1 mM DTT, lysozyme and DNase I
1X, protease inhibitors) and lysed by sonication on ice prior to
centrifugation (30 min, 15000 g, 4°C). StrepTactin SuperFlow
Plus (IBA®) matrix was equilibrated in buffer A (50 mM Tris
HCI, pH 8, 150 mM NaCl, 5 mM MgCl2) and was incubated
with supernatant for 2 hours at 4°C. Then supernatant and
matrix were loaded on a simple column in order to maximise
capture of 2SHA-RHO proteins. Matrix was washed by 15 mL of
washing buffer (300 mM Nacl, 50 mM tris pH8, 5 mM MgCl2,
0.1% tween20). RHO proteins were then eluted in buffer A
containing 10 mM Biotin (Sigma®). Dialysis was performed
overnight against buffer A containing 15% glycerol.

Nanobody purification. Hs2dAb were produced in XLI1blue
E.coli grown in TB-ampicillin (100 pg/mL) medium supplemented
with 1% glucose in the start culture and 0.1% glucose during
induction with 1 mM IPTG. After overexpression for 16h at 28°C,
the cells were harvested, suspended in 15 mL ice-cold TES (Tris 100
mM pH 8, EDTA 1 mM, Sucrose 500 mM) and stored at -80°C. 30
mL of a % dilution of TES buffer was added to the re-suspended
pellets prior to vortex briefly and to keep for 30 min at 4°C. After
centrifugation (30min, 13000g, 4°C), the periplasmic extract
containing hs2dAb was purified by affinity chromatography. The
protein extract was incubated 2 hours in the presence of His-Tag
purification beads (Roche®) previously equilibrated with
equilibration buffer (12 mM Tris pHS8, 0.125 mM EDTA, 65 mM
Sucrose, 300 mM NaCl, 10 mM Imidazole pH?7). Beads were washed
with 30 ml of washing buffer (10 mM Tris pH8, 150 mM NaCl, 10
mM Imidazole pH7). Hs2dAb were then eluted with elution buffer
(500 mM Imidazole pH7, 25 mM Tris pH6.8, 300 mM NaCl) and
dialysis was performed for 16 hours at 4°C in PBS 10% Glycerol.
OD at 280 nm was measured in order to determine
hs2dAb concentration.

Affinity measurement

Hs2dAb binding studies based on SPR technology were
performed on BIAcore T200 optical biosensor instrument (GE
Healthcare®). Capture of recombinant 6xHis tagged hs2dAb,
expressed in XL1blue and purified as previously reported (35)
was performed on a nitrilotriacetic acid (NTA) sensor chip in
HBS-P+ buffer (10 mM Hepes pH 7.4, 150 mM NaCl, and 0.05%
surfactant P20) (GE Healthcare). The four flow cells (Fc) of the
sensor chip were used: one (Fc 1) to monitor nonspecific binding
and to provide background corrections for analyses and the
other three flow cells (Fc 2, 3, and 4) containing immobilized
6xHis tagged hs2dAb for measurement.

For immobilization strategies, flow cells were loaded with nickel
solution (10 puL/min for 60 s) in order to saturate the NTA surface
with Ni** and an extra wash was done using running buffer
containing 3mM EDTA after the nickel injection. His-tagged
hs2dAb in running buffer was injected in flow cells at a flow-rate
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of 10 uL/min. Total amount of immobilized hs2dAb was 250-300
resonance units. (RUs; 1 RU corresponds approximately to 1 pg/
mm?2 of protein on the sensor chip). A Single-Cycle Kinetics (SCK)
analysis to determine the dissociation equilibrium constant (Kp)
was carried out. SCK method prevents potential inaccuracy due to
sensor chip regeneration between cycles which are necessary in the
conventional Multiple Cycle Kinetics (MCK) (36). SCK binding
parameters are evaluated for each injection according to the tools
and fit models of the BIAevaluation software, giving similar values
than MCK. As hs2dAb were smaller proteins than their respective
antigens, hs2dAb were captured on the sensor chip then the
recombinant GTPases were used as analytes and were injected
sequentially with increased concentrations ranging between 3.125
nM to 50 nM in a single cycle without regeneration of the sensor
chip between injections. Binding parameters were obtained by
fitting the overlaid sensorgrams with the 1:1. Langmuir binding
model of the BIAevaluation software version 1.0.

ELISA and G-LISA assays

For ELISA detection of RHO GTPases, wells of StrepTactin-
coated plates (IBA®) were coated with 100 nM of recombinant CA
or DN RHOA, CA RACI or CA CDC42 mutants as 2S-HA fused
proteins (200 pl in TBS by well) during 2 hours at RT and then
blocked with 5% milk in TBS-Tween 0.05% (blocking bufter) for 1
hour at RT. Several dilutions of hs2dAb in blocking buffer were
applied to the ELISA plates in duplicates for 1 hour at RT. Next, we
added 1 pg/ml anti-myc HRP antibody (QED Biosciences,
18824P®) in blocking buffer for 1 hour at RT and the reaction
was visualized by the addition of 100 ul chromogenic substrate
(Thermoscientiﬁc®, 1-step ultraTMB, 34028) for 1 min. The
reaction was stopped with 50 ul H,SO, 1IN and absorbance at
450 nm was measured using FLUOstar OPTIMA microplate
reader. Plates were washed three times with washing buffer (TBS
containing 0.05% (v/v) Tween 20) after each step. All steps are
performed under agitation (400 rpm).

To perform competition experiments using the G-LISA®
procedure, we used G-LISA® RHOA (BK124) and RAC1
(BK128) assays (Cytoskeleton) according to the manufacturer’s
instructions to assess if purified hs2dAb were able to compete
with RBD or PAK domain. We pre-incubated 10-fold serial
dilutions of NR53, RH12 or RH28 for 1 hour with 2S-HA RHOA
or RACI before performing the G-LISA assays. Hs2dAb-6His-
myc-6his inputs were controlled in an ELISA after capture on
nickel coated plates as described previously (15).

Quantitative RT-PCR
RH28 and NR27 WM?266.4 cells were harvested after 18 and

24 hours of induction with 1ug/ml Doxycycline, and RNA was
extracted following RNeasy Plus minikit (Qiagen) procedure.
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RNA concentration was measured with Nanodrop. Reverse
transcription was carried out on 1 g of RNA using RT iScript
kit (Biorad). Priming for reverse transcription was done with
combined oligo(dT) and random hexamers.

Quantitative PCRs were performed on cDNA using iQ SyBr
Green kit (Biorad) on a ViiA-7 RT-PCR system (Applied
Biosystems). RHOA transcript was quantified according to the
standard 2724€" method after normalization to B2M (beta
2-microglobulin).

Primers used for determination of RHOA transcript are the
following: RHOA_sens: 5-TGGAAGATGGCATAACCTGTC
and RHOA_anti-sens 5- AACTGGTGGCTCCTCTGG;
B2M_sens: 5-ACCCCCACTGAAAAAGATGA and
B2M _anti-sens 5-ATCTTCAAACCTCCATGATG

Cell culture in a 3D matrix

Cells were embedded in a 3D matrix constituted of collagen
type I (1.5 mg/ml, Corning®) in EMEM (Eagle’s Minimal
Essential Medium; 2 X, Lonza®) at a concentration of 1,5 x
10° cells/ml. Drops (30 pl) were placed for 1 hour upside down
at 37°C to allow solidification of the matrix. The complete
medium was then added and hs2dAb expression was induced by
doxycycline. 6 hours later, cell morphology was observed under
a Nikon inverted microscope and drops were harvested,
collagenase I (100 U/mL final concentration, ThermoFisher®)
added and cells centrifuged. Pelleted cells were then lysed in
RIPA buffer containing phosphatase and protease inhibitors.

Gel contraction assay

A total of 0.5M cells were embedded in a 3D matrix
constituted of collagen type I (3.1 mg/ml, Corning®) in
EMEM (Eagle’s Minimal Essential Medium; 2 x, Lonza) and
plated in a 24-wells plate. After one hour of polymerisation at
37°C, the gel was gently dissociated from the edge of the well
with a 200ul-pipet tip and the expression of hs2dAb induced by
adding doxycycline to the cell culture medium. The plates were
scanned after 72 hours and the area of the gel and the plate were
measured and quantified with ImageJ software. For each well,
the percentage of gel contraction was calculated using the
formula 100 — [(area of the gel/area of an empty well) x 100].

Statistical analysis
Reported values represent mean + standard deviation (SD)

of at least three independent experiments. Unless otherwise
stated, student paired t-tests were performed for comparison
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with GraphPad Prism 9. ¥, p<0.05; **, p<0.01; ***, p<0.001; ****,
p< 0.0001.

Results

Phenotypic screening selection of
RHOA-GTP blocking intrabodies

The goal of the present study was the selection of a blocking
intrabody more selective towards RHOA subfamily. After four
rounds of phage display against RHOA in its GTP-bound
conformation (see methods), 30 ELISA-positive families of
clones were isolated (Supplementary Figure 1), including new
sequences as well as a few copies of the previously identified
RH12 (RHO binder H12). To screen for intracellular binders of
RHOA-GTP family, this novel set of GTP-bound RHO
nanobodies was subcloned into a mammalian expression
vector with carboxy terminal dual 6xHis and myc tags as
reporters of expression. Their ability to bind active RHOA
conformation while expressed as intracellular nanobodies was
first evaluated by a chitin bead co-immunoprecipitation assay
after co-transfection with a CA RHOA (constitutively active
RHOA L63) mutant bearing a C-terminal CBD (Chitin Binding
Domain) tag (Supplementary Figure 1). We focused on 8 clones
that were efficiently immunoprecipitated with the CA RHOA. As
negative controls, we chose, among a set of nanobodies
originating from previous phage display selections towards
non-related protein targets, two clones referred to as NR27
and NR53 (31).

In order to identify a RHOA subfamily activity-blocking
intrabody, we performed a phenotypic screen based on actin F-
fiber staining after transfection of the nanobody candidates in HeLa
cells. Indeed, in adherent cells, RHO inhibition mediated by the
ADP-ribosylating bacterial exoenzyme C3 (26, 27) or after
expression knockdown (37, 38) induces actin fiber loss and a
dramatic morphological change. As a control of effective RHO
inhibition, we treated HeLa cells with the tat-C3 exoenzyme and
observed in more than 50% of the cells a stretched cellular shape
with a retracted cytoplasm and elongated protrusions
(Supplementary Figure 2). Among the 8 positive CA RHOA
binders, 3 clones, referred to as RH28, RH29 and RH35, induced
a stretched and shrunken cellular phenotype as shown in cells
stained with a homogenous pattern of nanobodies expression
detected in HeLa cells (Supplementary Figure 2). This cellular
shape appeared similar to the one induced by recombinant tat-C3
treatment. In contrast, in NR-expressing control cells or cells with
no detectable expression of RH28, RH29 or RH35 nanobodies, actin
F staining revealed organisation in fibers. Therefore, we
hypothesized that these 3 nanobodies might potentially be
positive hits for blocking the active RHO signalling pathway.
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The tripartite split-GFP assay
demonstrates the intracellular
biochemical selectivity of the selected
intrabodies

We first confirmed the intracellular interaction between the
3 selected clones and the active RHOA conformation using the
tripartite split-GFP protein-protein interaction reporter system
(32). The tripartite split-GFP reporter assay was selected for its
high sensitivity due to its irreversibility and lack of background
fluorescence. In this assay, a GFP variant gene is separated in
three parts: the B-strand 10 (GFP10) is fused to one partner of
the interaction, the B-strand 11 (GFP11) fused to the second
partner, and the remaining amino-terminal B-strand 1 to 9
(GFP1-9) acts as a detector moiety of the interaction, leading
to the formation of a reconstituted GFP (rGFP) that becomes
fluorescent after chromophore maturation (Figure 1A). The
split-GFP system was previously successfully implemented to
monitor active RHO or RAS GTPase interactions with their
respective effector domains in cells (34). Here, the nanobodies
were fused to the GFP-11 tag in amino-terminal while the CA
RHOA mutant was carboxy-terminally fused to the GFP10
fragment. These constructions were expressed in a human
fibroblast MRC5 cell line already validated for its stable and
homogenous expression of the GFP1-9 (34). After 24 hours of
co-transfection within the MRC5_GFP1-9 cell line, the
expression of each moiety and rGFP fluorescence was
quantified. As a positive control of intracellular RHO
interaction, we used the RHOTEKIN effector RHO Binding
Domain (RBD), fused to a C-terminal GFP11 tag (34). Its co-
transfection with CA GFP10-RHOA led to 25% of rGFP positive
cells (Figure 1B and Supplementary Figure 3). Similar
percentages of rGFP positive cells were also detected in cells
co-expressing the CA GFP10-RHOA for the 3 potential RHO-
GTP intrabodies (23%, 21% and 17% for RH28, RH29 and RH35
respectively). Control analysis of co-expression indicated similar
levels of RHO mutants and the various nanobodies in all
experiments (Supplementary Figure 3). In comparison, 1% of
rGFP cells could be detected when co-expressing the CA GFP10-
RHOA and the negative controls NR27 or NR53, demonstrating
thereby the intracellular interaction between each of the 3
intrabodies and the active form of RHOA.

Flow cytometry quantification of the reconstituted GFP
(rGFP) fluorescent signal demonstrated that the high affinity,
already characterized, RH12 nanobody presented a similar signal
intensity and selectivity towards the active RHOA conformation.
(Figure 1B and Supplementary Figure 3). We also assessed the
capability of the 3 hits to selectively recognize the active RHOA
conformation in the intracellular environment by testing the
interaction with a DN (Dominant Negative N19) mutant of
RHOA (Figures 1A, B and Supplementary Figure 3). All of them
appeared selective of the active RHOA conformation since
significantly lower percentages of rGFP cells were observed
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with the DN of RHOA (23% vs. 8.6%; 21% vs 6.6%; 17% vs.
10% respectively).

To further confirm the intracellular selectivity, we expressed
in E.coli and purified the three nanobodies and compared their
binding affinities for RHOA mutants by SPR (Supplementary
Figure 4). All of them had a Kp, in the sub-nanomolar range for
CA RHOA but no measurable binding of DN RHOA was
observed, which is consistent with the results obtained in-
cellulo. To assess whether these hits also bind the two other
isoforms of the RHOA subfamily, RHOB and RHOC, we
measured their Kp values for the CA mutants (Supplementary
Figure 4). RH28, RH29 and RH35 displayed nanomolar range
affinities for all members of RHOA subfamily which share more
than 95% amino acid identities when excluding the carboxy-
terminal hypervariable domain (39).

In this assay, we also evaluate the affinities towards the CA
mutants of RACI GTPase and found that RH29 and RH35
nanobodies, but not RH28, could also bind RAC1 with
equilibrium dissociation constant in the range of 10 to 20 nM
(Supplementary Figure 4). This result suggested that RH28 is the
only clone highly selective towards RHOA subfamily active
proteins. RH28 selectivity towards the active RHOA
conformation was additionally confirmed by measuring the
capacity to detect RHO GTPases in ELISA. RH28 recognized
the CA mutant of RHOA while no signal was observed with CA
mutants of the phylogenetically closest RHO GTPase members
of RHOA subfamily, RAC1 and CDC42 (Supplementary
Figure 5).

Considering potential discrepancies between in vitro
measurements and biochemical interactions in the complexity
of the intracellular environment, we assayed the selectivity of the
RH28 among the 3 close subfamilies of RHO GTPases in cells by
quantifying the rGFP signal obtained with RAC1 and CDC42, in
their active state. As expected, the RBD tested with CA RACI or
CA CDCA42 led to a significantly lower amount of rGFP cells in
comparison to the CA RHOA (28% vs. 2.6% and 28% vs. 1.7%),
confirming that intracellularly, the RBD did not recognize the
active forms of RACI nor CDC42. We validated the PAK
domain as a positive control for RACI and CDC42 selective
interaction since we observed a higher number of rGFP cells in
comparison to RHOA (9.9% vs. 1.6% and 11.8% vs. 1.6%).
Similarly to the natural RBD, the RH28 showed a clear
selectivity towards CA RHOA and no cross reactivity with
neither CA RACI1 nor CA CDC42 (26.4% vs. 4.4% and
26.4% vs. 2.8%) (Figure 2A and Supplementary Figure 6). We
confirmed this result on the wild-type form of RHO GTPases
(Figure 2B and Supplementary Figure 6). These results
demonstrated that, in cells, the RH28 clone does not bind the
closest GTPases related to RHOA even when they are expressed
at a higher level than endogenous proteins. This result was also
supported by the capacity of the myc tagged RH28 nanobody to
immunoprecipitate the endogenous RHOA protein (data not
shown). Collectively, these results led us to conclude that RH28
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RH12 RH28 RH29 RH35

The tripartite split GFP assay demonstrates the intracellular interaction and the selective recognition of the active RHO conformation by the
selected intrabodies. (A) Principle of the tripartite split-GFP complementation assay adapted to assess hs2dAb/RHO interaction. B-strand 10
(GFP10) and B-strand 11 (GFP11) are fused to RHOA mutants (either DN RHOA N19 or CA RHOA L63) and hs2dAb, respectively. These
constructions are transfected in a MRC5 cell line that constitutively expresses the detector fragment GFP1-9 (B-strands 1-9). When protein
interaction occurs, GFP10 and GFP11 strands are tethered and then spontaneously associate with GFP1-9 fragment to form a full-length GFP. If
the two proteins do not interact, GFP10 and GFP11 are not tethered and entropy is too high to allow complementation with GFP1-9. (B)
Percentage of reconstituted GFP (rGFP) fluorescent cells analyzed by flow cytometry for the indicated transfection conditions. P-values were

calculated using a Student's t test. **, p<0.01.

is an artificial biomolecular domain highly selective of the GTP-
bound conformation of RHOA-like subfamily. We confirmed
that the RH28 domain (produced in E.coli and purified)
performed also in conventional RHOA immunoprecipitation
assays after cytochalasin D or serum stimulation (data
not shown).

RH28 competes with RHOA subfamily
effector binding

RHOA subfamily global inhibition was extensively studied
in various cellular models using the tat-C3 exoenzyme or more
selectively by RNA interference. In adherent cultured epithelial
cells, the main phenotype is linked to the RHOA/ROCK
pathway inhibition that lead to actomyosin contractility defect,
actin fiber disorganization, and focal adhesion disassembly (40,
41). To assess if the phenotype associated with RH28 expression
in the initial screen effectively reflects RHOA inhibition, we
analyzed actin cytoskeleton in human fibroblast MRC5 cell line
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that displays high density of actin stress fibers in 2D cell culture.
Phalloidin staining of cells expressing NR27 nanobody
highlights the cellular shape surrounded by strong cortical
actin fibers and a high density of stress fibers crossing
throughout the cell. In contrast, RH28 expression abolished
totally actin fibers and induced stretched elongated cells with
only subtle actin staining decorating multiple protrusions at the
periphery (Supplementary Figure 7), an effect that phenocopied
RHOA/ROCK pathway inhibition upon either C3 or ROCK
inhibitor treatments (42).

To evaluate whether the RH28-mediated actomyosin
perturbation was effectively linked with RHOA inhibition, we
tested the RH28 capacity to compete with CA RHOA and the
RHOTEKIN RBD interaction in the triSFP RHOA activation
reporter cells, a cell line previously generated to sense RHOA
activity with the tripartite split-GFP assay (34). In this cellular
model (MRC5_GFP1-9 expressing the CA GFP10-RHOA and
GFP11-RBD under the control of doxycycline), we transiently
transfected mCherry fusions of different nanobodies and the
RBD (Figure 3A). Flow cytometry quantification of the rGFP
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cytometry for the indicated transfection conditions. (A) constitutively active mutants (B) wild-type proteins. P-values were calculated using a
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fluorescence level, corresponding to CA RHOA and RBD
interaction amount within each cell, was performed 48 hours
after intrabody transfection in mCherry positive cells. We
compared the rGFP fluorescence intensity among the different
quartiles of mCherry expression levels in transfected cells
(Figure 3B and Supplementary Figure 8A). As expected, we
observed a decrease in rGFP fluorescence reaching 20% between
the lowest and the highest quartile (rGFP geomean in mCherry
last quartile 2356 vs. 3103 in first quartile) when RBD-mCherry
was transiently transfected (Figure 3B). Indeed, in this assay,
RBD-mCherry was supposed to behave as a direct competitor of
CA-GFP10-RHOA and GFP11-RBD interaction. In the RH28-
mCherry condition, we also observed significant rGFP
fluorescence decrease in a similar range (rGFP geomean in
mCherry last quartile 2272 vs. 3020 in first quartile) despite
the fact that RH28-mCherry expression appeared lower than the
RBD-mCherry (Supplementary Figure 8A). By contrast, the
non-RHO nanobodies NR27 and NR53 did not affect rGFP
fluorescence even for the highest expression levels in the 4™
quartile, which confirms that they do not compete with RHOA
activity and that the dose-dependent decay induced by RH28 is
associated with its binding properties. This result suggests that
the RH28 may efficiently impede the GFP11-RBD binding to
CA-GFP10-RHOA, similarly to the RBD itself.

To confirm that the binding site of the RH28 interferes with
the effector binding domain, we set up an in vitro competition
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assay based on the G-LISA RHO activity assay (Figure 3C and
Supplementary Figure 8B). The G-LISA assay is based on the
capture of GTP-bound RHO by RBD-like proteins covalently
linked to the surface of the well. Like RH12, already reported as
depleting the GST-RBD pull down assay (30), RH28
preincubation with 25 nM of recombinant CA 2SHA-RHOA
induced a significant decrease of the signal in a concentration
dependent manner (Figure 3C). We confirmed that no
competition was observed on the RAC1 G-LISA assay
(Supplementary Figure 8C). Altogether, these results suggest
that the RH28 sterically impairs the RBD binding interface of
RHOA proteins and might be a competitor of RHO effectors.

RH28 intrabody efficiently blocks RHOA/
ROCK pathway in melanoma cancer cells

We finally assessed if the blocking properties of the RH28
intrabody could disturb cellular phenotype or functions. In
melanoma, high level of actomyosin contractility due to
RHOA/ROCK pathway has been associated with amoeboid
migration of melanoma cell lines (43) as well as resistance to
shear forces during extravasation (44). In this model, in order to
have a better control over the expression level of intrabodies, we
produced lentiviral cell lines expressing, under the control of
doxycycline inducible promoter, a bicistronic gene encoding
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RH28 competes with RBD for active RHOA recognition. (A) Principle of the tripartite split-GFP complementation assay adapted to assess
hs2dAb/RBD competition. Hs2dAb were transfected in the triSFP RHOA cell line, 24 hours before doxycycline induction. Among cells that
express hs2dAb, a competition with RBD would lead to a decrease in the intensity of the rGFP fluorescence in mCherry positive cells. (B) For
each hs2dAb, rGFP fluorescence intensity was quantified among the 4 different populations of mCherry positive cells (i.e., among the 4 cell
populations ranked according to increasing levels of hs2dAb (or RBD) expression). (C) RHOA G-LISA competition assay with 10-fold dilutions of
hs2dAb. Results were analyzed with two-way ANOVA model. Absorbance at 485 nm reflects RHOA-GTP captured by the coated RBD. P-values
were calculated using a Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

both the hs2dAb-6his-myc and a BFP fluorescent reporter
through an IRES. After setting up the dose response to
doxycycline to express similar level of RH28 and of the NR27
control we confirmed the functionality of the RH28 expressed in
this model through RHOA immunoprecipitation experiments
(Figure 4A). An increase in RHOA protein level could be
observed upon RH28 expression that cannot be solely
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explained at the mRNA level (Supplementary Figure 9A),
suggesting a potential stabilisation of RHOA induced by the
RH28 nanobody. We further confirmed that the RH28 did not
recognize RAC1 in this model (Supplementary Figures 9B, C).
Moreover, upon RH28 expression, we observed in 2D cell
culture an elongated phenotype that reminds fibroblast
stretching previously observed (Supplementary Figure 7). In
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FIGURE 4
RH28 intrabody efficiently inhibits actomyosin contractility and blocks RHOA/ROCK pathway in melanoma cancer cells. (A) RH28 selectivity
validation in WM266.4 lentiviral cell line. Expression of RH28 and NR-hs2dAb was induced or not with doxycycline at 1ug/ml. After 20 hours of
induction, cells were harvested and cleared cell lysates were incubated with Ni-NTA beads for 45 min. Endogenous RHOA proteins was
revealed with corresponding antibodies and hs2dAb were revealed with myc-tag antibody. (B) Representative images of cell line morphology in
3D collagen drops after 6 hours of hs2dAb expression. WM266.4 cell lines were seeded in collagen and phenotypes were analyzed 24 hours
post doxycycline induction. At 40X magnification, elongated or rounded cell shape could be observed. Scale bar: 50 pm. (C) Representative
images and quantification of gel contraction after 72 hours of treatment by doxycycline. (D) Representative immunoblot and quantification
analysis of myosin light chain phosphorylation (pMLC2) status in the 3 different cell lines seeded in collagen drops. P-values were calculated
using a Student'’s t test.*p<0.05; **p<0.01.
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order to study the cellular behaviour in 3D environment in
which RHO activity plays a more important role than in 2D (45,
46), cells were seeded in collagen drops. In contrast to their
normal spread morphology in 2D, WM266.4 exhibited as
expected a rounded phenotype in this 3D matrix (44, 47). In
comparison to NR controls and to non-induced doxycycline
condition, the RH28 expression uniformly induced a striking
switch from rounded cells to highly elongated cells (Figure 4B).
This phenotype was also associated with a defect in actomyosin
contractility (24% decrease upon RH28 expression) as
demonstrated by an impaired collagen retraction (Figure 4C).
To confirm RHOA/ROCK pathway inhibition, we analyzed the
expression of phosphorylated cofilin and phosphorylated
Myosin Light Chain (pMLC) which is one canonical target
defining ROCK signalling activity (48). Upon RH28 expression
induction in cells grown in 3D collagen drops, elongated cell
phenotype was associated with a significant decrease of
phospho-MLC2 amount (Figure 4D). All together, these
results demonstrate that RH28 functions in an intracellular
context by blocking RHOA downstream signalling through a
direct interference with RHOA-GTP effectors, leading to a
specific cellular phenotype.

Discussion

Small GTPases of RHOA subfamily are master regulators of
cellular processes involving actomyosin dynamics, such as cell
division, cell migration or invasion. In this study we identified
and characterized the nanobody RH28 as an intrabody selective
towards the GTP-bound conformation of RHOA with no
apparent cross reactivity towards RAC1 or CDC42. The RH28
behaves as an artificial RHO Binding Domain combining the
high intracellular stability of nanobodies with inhibitory
properties. This tool opens opportunities to investigate the
fine-tuning of RHOA subfamily activation homeostasis in
various biological contexts.

We previously generated from a synthetic phage display
library based on a unique nanobody scaffold, several intracellular
molecular binders of the GTP-bound RHOA or RHOB
conformers (13, 30, 31). The lack of selectivity of such
molecular tools targeting RHO GTPase activities or pathways
is a key point in the interpretation of the cellular response.
Actually, the highly conserved G domains that switch
conformation between GDP or GTP loading led to the
identification, in our previous work, of several conformational
nanobodies. While expressed as intracellular antibodies, some
hs2dAb were not able to block GTPase signalling while others
were efficient blocking-nanobodies but cross-reacted with the
RAC subfamily of GTPases, the close homologues of the RHOA
subfamily. One pan RHO/RAC-GTP nanobody appeared inert
at a moderate expression level and was engineered as an active
RHO BRET biosensor (30). Another nanobody functionalised
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with a Fbox, referred to as F-B6 (13), was efficiently targeting
RHOB-GTP for protein degradation, albeit through the
dependency of the fused domain that requires a
multicomponent E3-ligase catalytic activity which is not
controlled by the tool itself. Of note, the nanobody referred to
as RH12 with subnanomolar affinity towards RHO/RAC-GTP
(31), displaces the endogenous effectors Rho Binding Domain in
biochemical assays (30), induces a complex phenotype of cell
border shrinkage and further toxicity that impaired cell viability
(30, 31). While this nanobody mediated signalling blockade
appeared encouraging to develop a macrodrug to alter RHO-
GTP function, the lack of selectivity between RHOA-like and
RACI subfamilies impeded its development as these two major
RHO GTPases display opposite functions in many cellular
contexts (22, 49-51).

It is challenging to translate the biochemical selectivity of
molecular interaction of proteins or antibodies assessed in vitro
to their behaviour in the intracellular complexity. Intracellular
functionality of domain antibodies or alternative scaffolds have
been assessed by numerous approaches, such as fluorescent two-
hybrid (52) or BRET (30, 53) assays which allow, due to their
reversibility, a dynamic quantification of the protein-protein
interaction. However, these approaches show inherent
background signal that may require tight expression control of
the two components. Here, we used the tripartite split-GFP
protein-protein interaction reporter assay because no signal
background could emanate from the three components. Its
main advantages are the absence of false positive interacting
partners, and the ability to reveal low affinity interactions due to
the irreversibility of the reconstituted GFP (32, 33). Moreover,
the split-GFP system was previously successfully implemented to
monitor active RHO or RAS GTPase interactions with their
respective effector domains in cells (34). The lack of signal
obtained for the RH28 with RAC1 or CDC42 active mutants
thus asserts that this nanobody could not cross react with these
GTPases. Nevertheless, among positive signals, this assay does
not reflect conventional binding kinetic parameters of partners’
interactions. It is noteworthy that the irreversibility of the rGFP
induces accumulation of a signal to a certain extent, thus
revealing low affinity, transient interactions, or strong
interaction with a similar level of quantification. Accordingly,
we observed, in previous development of the assay (32, 34) or
here with the RH12 and the RBD example, that a low signal
discrepancy in this assay reflects a high selectivity quantified in a
reversible biochemical interaction assay such as ELISA or SPR
(15). Actually, although the selectivity of the RH12 towards the
active conformation of RHOA GTPases was quantitatively much
higher than the one of the RHOTEKIN RBD using in-vitro
biochemical assays (15), this strong selectivity discrepancy was
eclipsed in the tripartite split-GFP measurements. Therefore, we
considered here that the binding of RH28, RH29 and RH35,
reflected a strong conformational selectivity towards the active
form of RHOA in cells. We also analysed cross-reactivity with
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RACI and CDC42 both in vitro and in cells. Although we did
not formally assess the interaction with the 15 other members of
RHO GTPase subfamilies, the lack of binding of the RH28 to the
two RHOA-subfamily closest members may suggest that it only
interacts with active RHOA/B/C proteins (39).

The phenotype induced by the RH28 expression in cells
appeared more defined than the one resulting of the RHI2
blockade (30, 31). Indeed, in HeLa, MRC5 or melanoma
WM266-4 cell lines, cells expressing RH28 displayed a stretched
elongated shape. We reasoned that this phenotype was probably
correlated with the inhibition of the RHOA/ROCK pathway as the
lack of contractility neither antagonizes the RAC1 mediated
protrusion formation nor retracts the rear of migrating cells,
thus elongating the cells by stretching them until adhesion
collapsed. This phenotype was reminiscent of the ROCK
inhibition by 10uM of Y27632 or other ROCK small molecule
inhibitors (51), and we confirmed that this pathway was
downregulated upon RH28 expression as phosphorylated
Myosin Light Chain (pMLC) levels decreased. This marker of
acto-myosin contraction is involved in mechanisms related to
cancer cell plasticity between amoeboid or mesenchymal
phenotypes, which implies different motile behaviours. Recently,
high level of melanoma cell plasticity was demonstrated as a
feature of MAPKi-therapy resistant melanoma (54). Several
studies reported the association of RHOA or RHOB GTPases
with invasive cancer resistance (54-56). ROCK inhibitors have
been reported in preclinical studies to impair migration and
invasion (57), to potentiate the immune system (58) or sensitize
the immune checkpoint blockade response (59). Albeit the
RHOA/ROCK pathway is actively targeted with numerous
ROCK pharmacological inhibitors with a prospect to block
invasion and metastasis in clinical trials (60), to date, none of
them are approved for clinical use in cancer therapy. This may
account to the lack of selectivity of ATP binding pocket kinase
inhibitors that often induce side effects. The advantage of a
nanobody that blocks RHOA-GTP downstream pathway may
reside in the exquisite selectivity of antibody binding interface.
However, the main challenge of biomolecular drugs that target
intracellular activities remains their delivery as recombinant
protein or mRNA inside tumor cells (61).
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Despite the fact that the new drugs and targeted therapies have been approved
for cancer therapy during the past 30 years, the majority of cancer types are still
remain challenging to be treated. Due to the tumor heterogeneity, immune
system evasion and the complex interaction between the tumor
microenvironment and immune cells, the great majority of malignancies
need multimodal therapy. Unfortunately, tumors frequently develop
treatment resistance, so it is important to have a variety of therapeutic
choices available for the treatment of neoplastic diseases. Immunotherapy
has lately shown clinical responses in malignancies with unfavorable outcomes.
Oncolytic virus (OV) immunotherapy is a cancer treatment strategy that
employs naturally occurring or genetically-modified viruses that multiply
preferentially within cancer cells. OVs have the ability to not only induce
oncolysis but also activate cells of the immune system, which in turn
activates innate and adaptive anticancer responses. Despite the fact that OVs
were translated into clinical trials, with T-VECs receiving FDA approval for
melanoma, their use in fighting cancer faced some challenges, including off-
target side effects, immune system clearance, non-specific uptake, and
intratumoral spread of OVs in solid tumors. Although various strategies have
been used to overcome the challenges, these strategies have not provided
promising outcomes in monotherapy with OVs. In this situation, it is
increasingly common to use rational combinations of immunotherapies to
improve patient benefit. With the development of other aspects of cancer
immunotherapy strategies, combinational therapy has been proposed to
improve the anti-tumor activities of OVs. In this regard, OVs were combined
with other biotherapeutic platforms, including various forms of antibodies,
nanobodies, chimeric antigen receptor (CAR) T cells, and dendritic cells, to
reduce the side effects of OVs and enhance their efficacy. This article reviews
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the promising outcomes of OVs in cancer therapy, the challenges OVs face and
solutions, and their combination with other biotherapeutic agents.

KEYWORDS

oncolytic virotherapy, cancer immunotherapy, nanobody, antibody, combination
therapy, immunovirotherapy, T cells, Nk cells

1 Introduction

Cancer is rapidly becoming the leading cause of mortality
worldwide. Every year, nineteen million new malignancies are
diagnosed, resulting in about ten million deaths (1, 2). Because
cancer is a complicated and heterogeneous disease with
numerous genetic mutations, current cancer therapies
frequently do not achieve the desired outcomes for the
majority of malignancies, despite many promises of progress
in treatment. Consequently, cancer treatment has become a
challenge, so more efficient treatment procedures are required
(3, 4). Traditional treatments, such as surgery, chemotherapy,
hormone therapy, and radiation therapy, have not only
unfavorable adverse effects on individuals in the majority of
patients but also yield minimal long-term benefits (5).

Immunotherapy has been a promising approach to cancer
treatment over the last two decades. It is target-specific, can be
adjusted to the needs of each patient, and has fewer side effects
than earlier cancer therapies. Immunotherapy drugs can be
more effective against cancer when combined with other
therapies, such as radiation therapy, chemotherapy and
targeted drugs. As an example, several studies have shown
promising results of using a mix of chemotherapy and
immunotherapy as a first strike against non-small cell lung
cancer (2, 5, 6). To date, various immunotherapeutic
approaches have been introduced in cancer treatment, such as
pro-inflammatory cytokines, cancer vaccines, adoptive T-cell
therapy, antibody-based immunotherapies, and oncolytic
viruses (OVs) (7, 8).

Currently, oncolytic virotherapy (OVT) is one of the most
popular cancer immunotherapy approaches owing to the
flexibility of viral production platforms and providing a
multimodal strategy to selectively and efficiently target and
destroy tumor cells (9, 10). Furthermore, OV platforms could
be applied without depth knowledge of tumor antigens in
various malignancies (11). OVs provide multi-mechanistic
therapeutic effects against the majority of cancer types, but like
with many other current cancer therapies, oncolytic virotherapy
still faces challenges and hurdles before becoming an effective
anticancer therapy (3). Despite some encouraging outcomes,
OVT still is not completely effective in most cases because of
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some issues such as tumor bulk penetration, anti-viral immune
responses, and unfavorable tumor microenvironment (TME)
(12, 13). On the other hand, due to oft-target infection and
sequestrations by non-specific tissues, especially in systemic
administration, there are some safety concerns about using
OVs as therapeutic agents (14).

Despite this, in clinical trials of monotherapy, OVs with
older generations of armings (such as GM-CSF) have elicited a
potent and robust response. Newer methods, like combining
OVs with immunotherapies to turn “immune-cold” tumors into
“immune-hot” ones, can almost certainly make OVs more
effective (3, 15, 16). The use of rational combination therapies
and targeting have been raised to improve the efficacy of OVs,
and these combinations may integrate multiple methodologies
and technologies that can increase patient benefit from the
treatment (9, 17).

Oncolytic viruses have been used in combination with other
cancer treatment modalities of immunotherapy or cell therapy,
such as antibodies, nanobodies, bispecific (antibody-based
immunotherapies), checkpoint inhibitors, adoptive T-cell
therapy, natural killer (NK) cells, and T-cell engagers (BiTE),
to improve cancer treatment (10). In this review, the challenges
of OVT are discussed in detail, including its low efficiency, safety
issues, and delivery methods, and finally, we focus on combining
OVs with other biotherapeutic strategies to overcome
the challenges.

2 Intro to virotherapy: From concept
to bedside

2.1 An overview of virotherapy

The concept of employing viruses to treat cancer cells has
existed almost as long as viruses have been discovered (18, 19).
For more than a century, viruses have been considered potential
cancer-fighting agents (20-22). Since the middle of the 1800s,
case reports indicated that spontaneous microbial infections in
cancer patients might sometimes temporarily reduce tumor
burden and, thus, many therapeutic trials have been conducted
employing wild-type non-attenuated viruses in cancer therapy
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(22-25). In the late 1890s, a finding that a “flu-like” condition
accompanied by generalized inflammation corresponded with a
reduction in tumor cells in a leukemic patient further confirmed
the potential therapeutic significance of viruses, in particular (22,
26). In another case, the measles virus has been shown to be an
effective natural anticancer agent in the treatment of Burkitt’s
lymphoblastic lymphoma (27).

For a long time, the development of selective and harmless
viruses was impeded by a lack of tools for viral genome
modification (16, 28, 29). It took a few decades for OVT to
reach its full potential when recombinant DNA technology
became widely used to increase safety (6, 22, 29). The use of a
thymidine kinase (TK)-negative mutant of Herpes Simplex
Virus (HSV-1) as a possible treatment for gliomas was the first
report of a virus modification to reproduce only in dividing cells.
TK-mutated HSV-1 has been demonstrated to reproduce
preferentially in cancer cells (30-32). A mutated adenovirus
(Ad), dl1520 (also known as ONYX-015), was discovered in
1996 that had the E1B55K gene deleted (33, 34). Since the E1B-
55kD gene product can bind to and inactivate p53, it was
assumed that the deletion of E1B-55kDa renders the mutant
adenovirus unable to inactivate p53 in normal cells and,
therefore, the viral replication cycle would not be completed.
Moreover, the replication of ONYX-015 might be related to the
indirect inactivation of the p53 pathway in tumor cells due to the
loss of upstream regulators such as pl14ARF (35). Nevertheless, it
was shown that the p53 status can not impose a restriction on
ONYZX-015 replication. Actually, the loss of E1B-55K-mediated
late viral RNA export results in inability of ONYX-015 to
replicate in normal cells. Since, the tumor cells have a special
capacity to efficiently export late viral RNA in the absence of
E1B-55K, ONYX-015 would selectively replicate in cancer cells
(36). As a result, clinical uses for OV are increasingly prominent
due to technological advances (37, 38).

OVs can selectively reproduce in cancer cells and propagate
throughout a tumor without affecting the healthy tissues (39,
40). Despite some viruses’ natural tropism for tumors, the wide
range of tumor forms and histologic origins makes it challenging
to link OVs to a specific malignancy (41, 42). Additionally, it is
crucial to consider the tumor-specificity, possible pathogenicity,
immunogenicity, druggability, and the viral stability while
choosing a virus.

The administration of OVs, either systemically or locally, in
cancer-bearing hosts successfully induces antiviral immunity. As
aresult, OV treatments activate two separate immune responses:
antiviral and anticancer. While antitumor immunity is
advantageous, antiviral immune responses, including innate
and adaptive, are thought to be harmful to the success of OV-
based therapy. Indeed, it is conceivable that antiviral immune
responses might impede strong viral replication and spread,
reducing direct oncolysis of cancer cells,and therefore the
efficiency of OV therapy (43). As a result, the most effective
“time window” for most OV to activate anti-tumoral immunity

Frontiers in Immunology

35

10.3389/fimmu.2022.1012806

is within the first 1-2 weeks of administration, before the virus is
eliminated. One of the major challenges of OV immunotherapy
is to strike a balance between the desirable induction of new anti-
tumoral immunity and the competing anti-viral immunity while
preventing undesired antiviral effector processes from becoming
the dominant response pathway, thereby obstructing the
acquisition of acquired anti-tumoral immunity. Because of
this, researchers are now looking into a number of ways to
treat anti-OV immune responses (44). Many studies are
developing strategies to enhance OVs construction, reduce
clinical toxicity, design efficient OV delivery systems, and
increase efficacy by utilizing contemporary genetic engineering
approaches (45). A large number of OVs are being investigated
in clinical studies, and an even greater number are being
evaluated in preclinical studies. The safety of virotherapy has
been shown by clinical researches utilizing various OV’ to treat
different cancers (42, 46, 47).

2.2 Viruses that have already received
regulatory approval for the
treatment of cancer

Following 30 years of research and encouraging findings
from several clinical trials, the OV has attracted a lot of interest,
leading to an OV approved by FDA for cancer treatment (25,
38). Four OVs have been approved for use in the treatment of
various malignancies. Despite being licensed in Latvia, the first
OV, a picornavirus named Rigvir, was never widely used
worldwide (48, 49). In 2005, the Chinese SFDA approved the
use of a modified Ad, known as Oncorine (H101), in
combination with chemotherapy for the treatment of head and
neck cancer (50-52). Talimogene laherparepvec (T-VEC,
Imlygic), an attenuated HSV containing granulocyte-
macrophage colony-stimulating factor (GM-CSF), was
approved by the FDA in October 2015 for the treatment of
melanoma in the US (53-56). In Japan, a modified version of the
HSV, called Delytact, received time-limited and conditional
marketing approval for the treatment of malignant gliomas in
2021 (21, 26, 57-59). A summary of the aforementioned OVs
has been presented in Table 1.

2.3 Action mechanisms of oncolytic
viruses: From cytolysis to
microenvironment modulation and
antitumor immunostimulation

Tumor cells, due to their resistance against apoptosis, appear
to be a preferred breeding ground for a wide variety of viruses
(22, 60). Viral infection kills tumor cells by several mechanisms
including direct cytolytic activity which is thought to be its main
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TABLE 1 Global-approved oncolytic viruses (OVs).

10.3389/fimmu.2022.1012806

Product Country approved Approval year Virus type Modification Dosage

DELYTACT Japan 2021 HSV Type I G207’s 47 gene and US11 promoter deletion 1x10°

(teserpaturev/G47D) PFU

Imlygic® United States 2015 HSV Type I HSV1 gamma 34.5 and ICP 47 deletion and  1x10°- 1x10® PFU

(talimogenelaherparepvec) and Europe expressing GM-CSF

Oncorine (H101) China 2005 Adenovirus serotype 5 E1B-55k and E3 deletion 5%10''-1.5x10"?

VP

Rigvir (ECHO-7) Latvia 2004 Picornavirus _ TCID50

10°/mL

VP, Virus Particle; TCID50, Median Tissue Culture Infectious Dose; PFU, Plaque Forming Unit.

oncolytic mechanism; this activity is due to the OVs’ capacity to
selectively infect, replicate, and kill cancer cells (Figure 1). It is
now generally accepted that virotherapy’s efficacy can be
attributed to a number of different processes, including
alterations in the tumor’s micro-and macroenvironment and
intricate immune control (40, 61, 62). OVs are cytolytic due to
viral propagation and host cell bursting (63), and the viral
infection may trigger apoptosis in the host cell (20)

Lysed tumor cells produce endogenous danger-associated
molecular patterns (DAMPs), tumor-associated antigens
(TAAs), virus-derived PAMPs, and immune-stimulatory
cytokines, triggering the anti-tumor immune responses (64, 65).

The key and distinguishing characteristic of OVs is their
selective amplification and replication in cancer cells, leading to
the death of tumor cells without affecting the normal ones. The
intensity of their anti-tumor action depends on the modalities of
OV-induced cancer cell death (66, 67). Inmunovirotherapy, also
known as OV immunotherapy or viroimmunotherapy implies

Tumor Cell

Oncolytic
Virus

Normal Cell

FIGURE 1

Virus replication

an OV infection that causes an inflammatory TME by eliciting
anti-tumor immune responses. Furthermore, there is evidence
that OVs have the capacity to transform an immunologically
“cold” TME into a “hot” one via the production of chemokines
and cytokines. It is worth noting that a balance between helpful
anti-tumor immunity and harmful anti-virus immune responses
is necessary for optimizing immunovirotherapy (68, 69). In
order to modify the TME, OVs may also target tumor-
associated stroma cells, such as endothelial cells. Immunogenic
cell death (ICD) can be caused by OVs, which promote
endoplasmic stress, resulting in the release of DAMPs, such as
ATP, HMGB]I, ectocalreticulin, and pro-inflammatory cytokines
(64). STING, TLR1, and TLR3 on immune cells sense PAMPs
and DAMPs, establishing a pro-inflammatory
microenvironment that stimulates the production of pro-
inflammatory cytokines such as type I IFNs, interleukin (IL)-1,
IL-6; TNF-a, GM-CSF, and chemokines such as CCL2, CCL3,
CCL5, and CXCL10 (70, 71), leading to transformation of

Lysis of tumor cell

and releasing new virus

No replication

Direct cytolytic activity. Oncolytic virus can selectively infect, replicate, lyse and kill cells. Upon infection with an oncolytic virus, the oncolytic
virus replicates in tumor cells and causes oncolysis but does not harm normal cells.
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immunologically “cold” T-cell into “hot” T-cells (72, 73).
Neutrophils and macrophages are attracted to the site of
infection by CCL3 and CXCL10 chemokines, which are
involved in anti-cancer responses. Aggregation of PAMPs with
NK cell virus-recognition receptors causes early NK cell influx
(74). Activated cytotoxic NK cells may produce cytolytic
components and activate FAS-FASL, killing virus-infected
cells. NK cells emit IFNs and TNF-a to excite macrophages,
DCs, and T-cells. This activation of NK cells and DCs induces
them to produce IFNs, TNF-a, IL-12, IL-6, and chemokines,
which work both autocrinely and paracrinely to increase the
initial innate response (21, 75, 76).

The tumor-specific T-cell response is the foundation of
adaptive immunity against tumor cells during OV infection.
Antigens presented in the context of an MHC molecule, co-
stimulatory molecules, and cytokines are required for antigen
presenting cells (APCs) to activate antigen-specific T-cell
responses successfully (77). The released TAAs and
neoantigens following tumor cell lysis by OVs are processed
by APCs and are presented on their surface with MHC
molecules to CD4" and CD8" T-cells (78). Also, OV-infected
cells or mature APCs release various cytokines and chemokines,

Direct Lysis

D  Turning Cold tumor to Hot tumor

FIGURE 2

10.3389/fimmu.2022.1012806

which aid in the recruitment and reactivation of T-cells. Both
stimulated T-cells and B-cells could promote tumor regression
and are capable of eradicating distant or freshly transplanted
tumors without relying on an OV (79, 80).

In addition to tumor cells, the tumor’s extracellular matrix
(ECM) and vasculature are also affected by OVs. More than 60%
of a solid tumor’s mass comes from the ECM, which is a non-
cellular compartment made by activated cancer-associated
fibroblasts (CAFs). Collagenous matrix, proteoglycans, and
hyaluronan build up in the ECM, providing an impenetrable
and stiff barrier around cancerous cells. Because of these physical
impediments, OVs have a tough time reaching the entire tumor
mass (21). Ilkow et al. showed that interaction between CAFs
and cancer cells improves vesicular stomatitis virus (VSV)-based
therapies (61).

In contrast, tumor cells release transforming growth factor-
beta 1 (TGF-1), which promote OV infection in CAFs. Tumor
cells produce large quantities of fibroblast growth factor 2,
making them vulnerable to viral infection. It has been reported
that OAd not only could lyse glioblastoma cells, but also kills
glioblastoma-associated stromal cells (81). Figure 2 provides a
detailed anti-cacner mechanism of action of OVs.

ImmunoStimulation

TME modification Cc

OVs have a direct or indirect toxic effect on tumor cells. (A) Direct oncolysis; The viruses can infect cancer cells and then replicate until the
cancer cells rupture. The newborn viruses are then released to infect more cancer cells. (B) Neoantigens and debries from lysed cancer cells
activate and recruit dendritic cells (DCs) into the tumor microenvironment and T cells migrate to the site of infection. (C) a number of processes
occur, including the alteration of the tumor’s micro-and macro-environment and the control of the immune response in a complex
modulation. (D) OVs stimulate innate immunity and turn “cold” tumors into "hot” tumors by stimulating immune cell recruitment and activating

systemic anticancer adaptive immunity to reduce tumor growth.
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3 Various types of OVs

There are two broad classes of OVs: 1) viruses that have a
natural tropism for cancer cells; the naturally cancer-selective
OVs utilize the abnormal signaling pathways that support their
growth in cancer cells; and 2) those engineered specifically to
replicate only in cancer cells (16). The activity of OVs reflects
their underlying biology and the host-virus interactions that
have evolved in the struggle between pathogenesis and immunity
(29). The lack of an anti-viral response in cancer cells is an
important mechanism of tumor selectivity for both categories.
Interferons (IFNs) are secreted by normal cells in response to
viral infection after intracellular pathogen recognition receptors
identify viral RNA, DNA, or proteins (PRRs). Hundreds of
effector genes, called IFN-stimulated genes (ISGs), are
expressed as a result of this signaling cascade and aid in the
elimination of the viral infection (16). Myxoma virus (MYXV;
poxvirus), Newcastle disease virus (NDV; paramyxovirus),
reovirus, Seneca Valley virus (SVV; picornavirus), measles
virus (MV; paramyxovirus), poliovirus (PV; picornavirus),
vaccinia virus (VV), Ad, HSV, and VSV are some examples of
oncolytic viruses (Table 2) (63, 66, 82). Table 2 lists the different
types of viruses that have been used for oncolytic purposes.

3.1 Natural tumor-replicating viruses

3.1.1 Poxviruses

One of the most important OV platforms now showing
promising outcomes in clinical studies is the vaccinia virus (VV),
a member of the Poxviridae family that naturally attacks
malignancies (21). Tumors are a recognized target of VV
strains owing to the activation of the epidermal growth factor
receptor (EGFR) pathway in malignant cells (83). Researchers
showed that vascular endothelial growth factor A (VEGF-A)
enhances oncolytic VV cytotoxicity by studying the effect of
hypoxia on VV infection (84). Tumor-derived VEGF increases
VV internalization, leading to enhanced replication and
cytotoxicity in both tumor cells and normal respiratory
epithelial cells in an AKT-dependent manner (85). Moreover,
tumor cells lack the anti-viral cytokines that protect normal cells
from viral infection because of their poor interferon (IFN)
response. Multiple attenuated VV mutants have been
developed to improve tumor-specific targeting and safety in
normal tissues (86, 87). The Pexa-Vec (JX-594), an oncolytic VV
armed with GM-CSF and disruption of the TK gene, is under
investigation in phase I and II clinical trials for treating renal cell
carcinoma, advanced breast cancer, and advanced soft-tissue
sarcoma (NCT03294083 and NCT02630368). Furthermore, an
engineered vaccinia OV, RGV004, encoding a bispecific CD19/
CD3 antibody, is in phase I clinical trials for the treatment of
refractory/relapsed B-cell lymphoma (NCT04887025). A phase
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TABLE 2 Characteristics of major oncolytic viruses.
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I/II clinical trial showed that Pexa-vec intratumoral injection
was safe and effective in treating surgically incurable metastatic
melanoma (NCT00429312).

3.1.2 Newcastle disease virus

The Newecastle disease virus (NDV), belonging to the family
Paramyxoviridae, is an enclosed virus and contains negative-
sense single-stranded RNA (88, 89). The HN protein interacts
with sialic acid receptors on the surface of host cells to bind
tumor cells, and when the activated F protein joins the viral and
host cell membrane, the HN protein fuses with the virus (90). As
a result, the virus’s genome penetrates the cytoplasm of the host.
NDV can also enter cells by endocytosis and clathrin-mediated
endocytosis (91). There is evidence that gene-editing
technologies make it simple to introduce foreign genes with
anti-tumor activities into the extensive genome of NDV (92).
Numerous clinical investigations have shown that NDV has a
very excellent safety profile for patients and has considerable
anti-cancer activity (93). For instance, because NDV only affects
the type I IFN-deficient glioblastoma cells, an inhibitor of IFN
signaling eliminates the NDV resistance in type I IFN-positive
cells (8, 94). In two clinical studies (NCT03889275 and
NCT04613492), the drugs Durvalumab (anti-PD-L1) and
attenuated NDV with the GM-CSF and IL-12 genes
(MEDI5395 and MEDI9253, respectively) are being used.
NDV with durvalumab, is in phase I clinical trial for treating
advanced solid tumors (95).

3.1.3 Reovirus

Reovirus (RV), an unenveloped virus containing a double-
stranded RNA belongs to the Reoviridae family (96). The
oncolytic properties of wild-type reovirus are due to the virus’s
preference for replicating in cancer cells (97). Reovirus has the
ability to kill cancer cells because of its preferential ability to
multiply in cancer cells. Ras overexpression impairs the PKR
(protein kinase RNA-activated) pathway, allowing reovirus to
infect tumor cells preferentially (98-100). Reolysin (also known
as Pelareorep) (101), serotype 3 RV, is the well-known oncolytic
RV that as a single agent or in combination with other
therapeutic strategies (29), is under investigation in clinical
trials (NCT04102618, NCT04445844, and NCT04215146).

3.1.4 Measles virus

The measles virus (MV), which belongs to the genus
Morbillivirus in the Paramyxoviridae family, is an enveloped
virus containing negative-sense single-stranded RNA (102).
Three receptors, CD46, SLAM/CD150, and poliovirus-
receptor-like-4, are used by MV to infect host cells (103, 104).
However, CD46 is not a tumor-selective receptor because of its
expression on normal cells. MV is a hopeful OV candidate due to
its good safety profile, which includes the absence of dose-
limiting toxicities and spontaneous oncotropism (21, 104, 105).
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Heinzerling et al. performed the first Phase I dose-escalation
test with a live MV, Edmonston-Zagreb vaccine strain against
cutaneous T-cell lymphoma (CTCL) (106). Clinical trials using a
measles virus that expresses the human sodium/iodide
symporter SLC5A5 are currently being conducted (107). The
Mayo Clinic (USA) has launched a number of Phase I/II clinical
studies (NCT00390299, NCT02364713, NCT02068794,
NCT02700230, NCT01503177, NCT01846091) to examine the
clinical safety and usefulness of MV-CEA and MV-NIS (95).

3.1.5 Picornaviruses

Picornaviruses have promising anti-cancer effects in patients
(108). Picornaviruses are tumor-specific due to the
overexpression of their entry receptors on cancerous cells,
including CD155, integrin alb2, intercellular adhesion
molecule-1 and/or decay-accelerating factor (CVA21), anthrax
toxin receptor 1 and sialic acids and anthrax toxin receptor 1
(109). Clinical studies using oncolytic picornaviruses typically go
smoothly, and no off-target infections have yet been reported.
Intratumoral administration of the oncolytic poliovirus
PVSRIPO, the live attenuated, type I poliovirus (Sabin)
vaccine harboring an internal ribosome entry site (IRES) of
human rhinovirus type 2, has demonstrated initial promise in
patients with recurrent glioblastoma multiforme
(NCT03712358) (110). In contrast, PVSRIPO infects
macrophages and DCs in culture, causing the expression of
major histocompatibility complex class II (MHC II) and the
generation of IFN-b and IL-12 (9, 87).

3.2 Genetically engineered (modified)
oncolytic viruses

3.2.1 Herpes simplex virus

Talimogene laherparepvec (T-VEC; Imlygic), the first OV
presently licensed by the FDA, is a member of the Herpesviridae
family (56). In addition to T-VEC, other HSV-based OVs have
been developed, such as G473, oHSV-IL12, G207, and rRp450
(111, 112). The majority of HSV-based vectors carry deletions in
ICP34.5, a neurovirulence gene that restricts virus replication to
tumor cells overexpressing the Ras gene (113). The inactivation
of the ICP6 gene, which encodes a viral homolog of the cellular
ribonucleotide reductase (RR), is another mechanism of HSV
specificity (114, 115). The mutant virus replication is limited to
actively proliferating cancer cells with high levels of RR because
this enzyme is necessary for creating deoxyribonucleotides (29).
The results of a Phase Ib study using T-VEC in combination
with the CTLA4 checkpoint inhibitor, Ipilimumab, in people
with advanced melanoma were published by Puzanov et al.
(116). Additionally, the combination of OV with nivolumab
has showed very promising results (12, 116-118).
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3.2.2 Adenoviruses

Adenoviruses (Ads), non-enveloped viruses with icosahedral
capsid and double-stranded linear DNA genomes, are members
of the Adenoviridae family, specifically the genus
Mastadenovirus. The capsid of Ads contains three major
proteins, including Hexon, penton-base, and fiber proteins,
which give them specific tropism characteristics (119). In
clinical research, adenovirus serotype 5 (Ad5) is the most
frequently utilized viral vector (120). Ad5 penetrates the
targeted cells via interacting its fiber knob protein with
coxsackievirus and adenovirus receptors (CARs) (118, 121).

DNX-2401 (Delta-24-RGD; tasadenoturev) is an oncolytic
adenovirus, replication -competent adenovirus. A 24-base pair
deletion in the E1A gene promotes tumor selectivity by
preventing viral replication in normal cells with a functioning
Rb pathway. An RGD-motif was added to the fiber H-loop to
boost potency, allowing the virus to enter cells through v3 or v5
integrin. On tumor cells, especially glioma stem cells, these
integrins are abundant (122). In preclinical models, DNX-2401
kills glioma cells through direct oncolysis and by inducing
immunological responses against tumor antigens, resulting in
long-term antitumor immunity and tumor regression. DNX-
2401 is now being tested in clinical studies for the treatment of
recurrent glioblastoma (NCT03896568) (123). Also, additional
studies are being conducted to examine its effectiveness against
recurrent gliomas when used in conjunction with other
treatments, such as checkpoint inhibitors. In one active phase
II study, DNX-2401 was injected directly into a recurrent
glioblastoma or gliosarcoma followed by pembrolizumab every
3 weeks for up to 2 years or until disease progression
(NCT02798406) (38).

H101 is an adenovirus with an E1B deletion that has been
approved in China for the treatment of nasopharyngeal
carcinoma. H101 was tested in a randomized Phase III clinical
study with 160 people who had advanced squamous cell
carcinomas of the head and neck or esophagus (124). The
patients were randomly assigned to chemotherapy (cisplatin
and 5-FU for chemotherapy-naive patients, or adriamycin and
5-FU for patients who had previously received platinum
chemotherapy) with or without H101 (5x 10'' to 1.5 x10'?
viral particles per day by intra-tumoral injection) for five
consecutive days every three weeks. A total of 123 patients
completed treatment, and were able to be evaluated for
response. Patients who received cisplatin/5-FU + H101
exhibited a response rate of 78.8%, compared to 39.6% in the
cisplatin/5-FU-only cohort. Patients who got the adriamycin/5-
FU and H101 virus, as well as the adriamycin/5-FU -only group,
both achieved a 50% response rate; however, these groups had a
limited number of participants (n = 18). There was a substantial
difference in response rate between all patients who got H101
and individuals who only received chemotherapy. The most
common adverse events were fever, injection site reactions, and
flu-like symptoms. Based on these findings, the Chinese
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regulatory agencies approved H101 in combination with
chemotherapy for the treatment of nasopharyngeal cancer
(10). In addition to the aformentioned viruses, several
additional viruses, including parvovirus, poliovirus, vesicular
stomatitis virus, Seneca valley virus, have been engineered to
be used as OVs in combating cancer (21). Table 3 summarizes
the types of viruses that are in different phases of clinical trials.

As a result of genetic engineering, a wide variety of
potentially pathogenic viruses have been manipulated for
safety and tumor-targeting applications in the past two
decades. Genetic modifications including the deletion of viral
genes, the use of transcription regulatory elements such as
promoters and enhancers, and the alterations of viral surface
proteins have been widely used to increase the effectiveness of
targeted OVT (82, 125).

4 Tumor targeting strategies of
oncolytic viruses

Despite the remarkable preclinical success of OVT, clinical
applications remain limited. One of the most significant
challenges that must be overcome is viral targeting. Various
strategies have been established to achieve targeting OV's toward
tumor cells. As previously described, some viruses, such as
reovirus and NDV have an intrinsic tropism for tumor cells,
whereas the other ones, such as Ad and HSV, should be adapted
or engineered to be cancer-specific (126). Virus adaptation to
cancer cells is frequently accomplished based on cancer cell
modifications, including self-sufficiency in growth signals,
resistance to apoptosis, neoantigen expression, and an
unlimited replication potential that can be used for OVs
selective infection and killing of cancer cells (127). In this
regard, different approaches have been used to direct OVs into
cancer cells, including modifying the virus’s surface
(transductional targeting), introducing specific genes
downstream of specific tumor promoters or inserting genetic
elements into virus genomes such as miRNA and siRNA to boost
OV specificity (transcriptional targeting), and deleting virus
genes that are required for replication in normal cells but have
little effect on reproduction in cancer cells (33, 128, 129).

4.1 Transductional targeting

Detargeting viruses from their normal cells and retargeting
them to a specific cell is a critical step in designing OVs,
especially for adenovirus-based oncolytic viruses. As previously
stated, Ads as one of the most utilized viruses in cancer
treatment, have no innate tropism for cancer cells, whereas
they exhibited a broad range of tropism for normal cells due
to CAR expression in the majority of normal cells. As a result, an
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unaltered virus can infiltrate and harm normal cells by systemic
injection. Hence, the vector’s inherent tropism should be
eliminated to reduce possibly detrimental side effects.
Scientists usually use two methods to solve the problem:
adding ligands like peptides, antibody fragments, and
nanobodies to the structure of the virus, and using bispecific
adaptors. Van Erp et al. coupled transcriptional targeting by

10.3389/fimmu.2022.1012806

utilizing a tumor-specific promoter with transductional
targeting by using an anti-CEA nanobody incorporated into
Ad. CXCR4E1.B2 virus capsids. They showed that using a single
specific domain for CEA which was inserted genetically into the
Ad fiber could improve the specificity of infection and the ability
of Ads to reproduce in cancer cells (130) Another method for
modifying the surfaces and tropism of OVs is pseudotyping.

TABLE 3 Summary of clinical trials of monotherapy and combination therapy of oncolytic viruses.

Oncolytic Combination Cancer Dosage Clinical  Clinical

virus therapy

phase trial No

Adenovirus Ad-p53 Nivolumab or Head and Neck Squamous Cell Carcinomas; Colorectal 5x 10" /11 NCT02842125
Pembrolizumab Cancer; Hepatocellular Carcinoma VP NCT03004183

Ad-CEA Avelumab Colorectal Cancer
Ad- Pembrolizumab Non-Small Cell Lung
MAGEA3

ONCOS-102  Pembrolizumab Melanoma

LOAd703 Atezolizumab Malignant Melanoma

single dose
1x10" 1l NCT03050814
VP
6 doses
2 x10" 11 NCT02879760
VP
single dose
3x10" I NCT03003676
VP
3 doses
1x10° /1 NCT04123470
VP
12 doses

Ad-TK Pembrolizumab/ Non-small Cell Llung Cancer; Triple-negative Breast 5x 10" I NCT03004183

valacyclovir33/ Cancer
SBRT

H101 Camrelizumab Recurrent Cervical Cancer

CG0070 Bladder Cancer

Herpes simplex T-VEC Pembrolizumab Melanoma
virus

OH2 Pancreatic Cancer

T-VEC Nivolumab/ Sarcoma
Trabectedin

HF10 Ipilimumab Metastatic Melanoma

OrienX010 Pembrolizumab Melanoma

OH2 Advanced Bladder Cancer

Newcastle MEDI5395 Durvaluma Advanced solid tumor
disease virus

Vaccinia virus ~ MVA-p53 Pembrolizumab Solid tumor
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VP
single dose

1.5 x10" 11 NCT05234905
VP
2-6 doses
1x10" II NCT02365818
VP
3-9 doses
1x10° 111 NCT02263508
PFU
1x107 /11 NCT04637698
CCID50
6 dose
1x107 11 NCT03886311
PFU
1x107 11 NCT03153085
TCID50
6 doses
3 x 10" I NCT03003676
VP
3 doses
1x107 I NCT05248789
CCID50
single dose
dose-expansion study to I NCT03889275
assess the safety
5.6 x 10° I NCT02432963
PFU
3 doses

(Continued)
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TABLE 3 Continued

Combination
therapy

Oncolytic
virus

Cancer

10.3389/fimmu.2022.1012806

Clinical
trial No

Clinical
phase

Dosage

JX-594
TGA4010

Nivolumab

Tremelimumab/
durvalumab

Pexa-Vec
(JX-594)

Ipilimumab Advanced solid tumor

Sorafenib Hepatocellular Carcinoma

Olvi-Vec Bevacizumab/ Ovarian Cancer

cisplatin

TBio-6517
(Rival-01)

OVV-01

Pembrolizumab Solid tumor,

Colorectal cancer

Advanced Solid Tumors

Vesicular VSV-IENB-  Pembrolizumab

stomatitis virus NIS

Reovirus Reolysin Pembrolizumab Advanced pancreatic

Atezolizumab Breast

Sarcomas Metastatic to the Lung

Non-small cell lung cancer

Metastatic Hepatic Carcinoma

Refractory Colorectal cancer

Non Small Cell Lung Cancer
Neuroendocrine Carcinoma

1x10°-3x10° I
PFU

single dose
1x10° 11
PFU

single dose

NCT00629759

NCT02823990

3% 10°
PFU
4 doses

/11 NCT03206073

1x10° I
PFU
5 doses

NCT02977156

1x10°
PFU
3 doses

11 NCT02562755

1x10°
PFU
single dose

11 NCT05281471

multiple doses /1 NCT04301011

1x 10" I
VP
single dose

NCT04787003

5x10"° 11
TCID50
single dose

NCT03647163

45 % 10" I
TCID50

4.5 x 10'° TCID50 I
4 doses

NCT03723915

NCT04102618

3x10"° 11
TCID50
5 doses

NCT00503295

VP, Virus Particle; TCID50, Median Tissue Culture Infectious Dose; PFU, Plaque Forming Unit; CCID50: Cell Culture Infectious Dose 50%.

This strategy is often done by replacing coat proteins with
similar proteins from related serotypes, leading to a new
tropism without changing the balance of the genome. In this
regard, adenoviral fiber protein pseudotype switching is a
reasonable strategy for transductional retargeting. Owing to
the upregulation of CD46 on many malignant tumors,
researchers replaced Ad5 fiber with the fiber of serotypes 11/
35 to target tumor cells (131, 132). Another strategy that has
been developed to target viruses toward tumor cells, as
previously mentioned, is the use of bispecific adapters.
Adaptors are molecules with two ends that bind to the viral
proteins and the receptors on the cancer cells. This strategy’s
main advantage is the ability to use multiple adaptors to attach
to the same vector without affecting the vector's structure. Due
to the overexpression of the high molecular weight melanoma-
associated antigen (HMWMAA) on melanoma cells, Curiel et al.
designed a bispecific adaptor, scDb MelAd, to target Ad to
melanoma cells selectively. They demonstrated significantly
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reduced infectivity (> 50-fold) of capsid mutant Ads, restored
(up to 367-fold increase), CAR-independent and HMWMAA-
mediated infectivity of these mutant viruses by scDb MelAd
specifically in melanoma cells, compared to a vector with wild-
type fibers (133). Additionally, a universal platform for Ad5
detargeting and retargeting using the SpyTag and SpyCatcher
system was developed and demonstrated that Ad5 efficiently
wasredirected into VEGFR2-expressing cells using an adoptor
incorporating SpyCatcher and an anti-VEGFR2 nanobody
(under publication data).

4.2 Transcriptional targeting

The effectiveness of transductional techniques has been
inadequate for realizing the full promise of virotherapy in the
clinic. For instance, early gene therapy experiments used
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therapeutic genes driven by viral promoters, such as the CMV
promoter, which caused non-specific damage in normal cells
and tissues as well as cancer cells. However, the use of tumor-
specific promoters, which are overexpressed in tumors,
stimulates the particular expression of therapeutic genes in a
certain tumor, boosting their localized action and reducing
mislocalization side effects (134). TTF-1 promoter, glypican-3
protein (GPC3), human secretory leukocyte protease inhibitor
(hSLPI), Mucin 1 (MUC1), cyclooxygenase 2 (COX2), epithelial
glycoprotein (EPG2), and human telomerase reverse
transcriptase (hTERT) are the most common tumor-specific
promoters used in transcriptional targeting (7). For instance,
combining transcriptional targeting using the tissue-specific
SLPI promoter and transductional targeting with the ovarian
cancer specific adaptor protein, sSCARfC6.5, which contains the
coxsackie-adenovirus receptor ectodomain and a single-chain
antibody specific for c-erbB-2, increased transgene expression in
ovarian tumors while decreasing expression in normal tissues,
including the liver, in comparison to single-approach targeting
(135). As abovementioned, inserting micro-RNAs (miRNAs)
into the virus genome is a new way to improve their specificity
and reduce off-target effects. Many teams have used the
differential landscape of miRNA expression between normal
and malignant cells to hinder OVs proliferation in healthy
cells. In one study, it has been demonstrated that adding
several copies of a miR-124 recognition sequence into the 3’
UTR of the oncolytic HSV-1’s crucial ICP4 gene prevents the
virus from infecting normal cells. This phenomenon occurs
because of the high expression of miR-124 in healthy neurons
but not at all in glioblastoma cells (136, 137). In another study,
Luo et al . employed a triple-regulated OAd containing miR143,
survivin, and RGD to improve the effects of OAds. They showed
that when Ad-RGD-Survivin-ZD55-miR-143 was introduced
into cells, it could inhibit cell growth, migration, and invasion,
as well as halt cells in the G1 phase and induce cell death (138).

Despite the use of many techniques for targeting viral
vectors in cancer virotherapy and boosting the virus’s efficacy
in cancer treatment, when the virus must be injected
systemically for the treatment of metastatic malignancies, this
treatment strategy encounters a number of challenges (125) that
must be overcome before the systematic administration of OVs
to improve their anti-tumor activities (126). The most common
challenges of delivering the virus through the bloodstream are
viruses’ identification as foreign agents and elimination from the
body before they can reach the tumor site, known as immune-
mediated clearance (127), and virus sequesteration by non-
specific tissues such as the liver, lungs, and spleen (128). On
the other hand, tumors are high-pressure settings with a dense
and disorderly collection of cells due to thick stromal tissue and
limited lymphatic drainage (42). To address these issues,
scientists have designed a variety of approaches, which are
described in more detail below.
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4.3 Solutions to the challenges of OVs’
systemic delivery

Complement activation, pre-existing immunity, or the
release of inflammatory cytokines (IL-6, IL-12, and TNF) in
response to vectors all contribute to OV clearance by the
immune system. Some OVs, including vaccinia and HSV-1,
produce anti-complement components to evade the immune
system (139). HSV-1 secretes glycoprotein E, which functions as
an IgG Fc receptor and efficiently inhibits IgG Fc-mediated
complement activation as well as antibody-dependent cellular
cytotoxicity (ADCC) (140). Pre-existing immunity canoccur due
to the virus’s ubiquitous nature (Ad and Reovirus), previous
vaccination (vaccinia and MV), or earlier oncolytic viral
treatment (141). There are currently various solutions being
tested for these issues. Changing the surfaces of viral vectors by
shielding with polymers such as (poly ethylene glycol (PEG),
poly L-lysine, and N-[2-hydroxypropyl] methacrylamide
(HPMA)) and lipidic vesicles often reduces their
immunogenicity and increases vector persistence in the
bloodstream (142). Cellular carriers, in which cells are taken
from a model organism that has been infected and put back in,
are another way to deliver OVs. Immune cells, stem cells, and
tumor cells have been used to generate experimental OV cell
carriers. Among cell carries, stem cells, according to in vitro and
in vivo studies, are the most outstanding candidates for systemic
delivery of OVs since they allow viruses to infect the target cells
and replicate in, conceal them from the immune system, and
target tumors (143, 144). In this regard, Mader et al. used
mesenchymal stem cells (MSCs) to efficiently deliver oncolytic
MYV to ovarian cancer and protect the virus from neutralizing
anti-viral antibodies. They found that using MSCs as carriers
increased their localization and infiltration into tumors and
transferred oncolytic MV infection to tumors, leading to
enhancing mice survival (143). Immune cells, especially DCs
and T-cells, have been used successfully in pre-clinical research
to transfer several OVs to tumors. For instance, DCs infected
with reovirus have been shown to efficiently transport and
deliver their oncolytic payload into melanoma cells, even in
the presence of neutralizing antibodies (145). On the other hand,
OVs are removed from the bloodstream by mononuclear
phagocytic cells, splenic macrophages, and hepatic Kupffer
cells in the spleen and liver following systematic
administration. This clearance frequently occurs following the
decorating of viral particles with antibodies and complement
proteins or their interaction with coagulation factors (126).
However, some viruses, such as Ads, may bind directly to
scavenger receptors on Kupffer cells, resulting in the release of
pro-inflammatory cytokines, which may cause severe toxicities
(146). The answers to these challenges are fairly similar to the
methods outlined for immune response escape. In case of Ads,
the hexon protein, as the most frequently structural protein, has
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a critical role in liver sequestration through interaction with
coagulation factor IX and scavenger receptors (147, 148).
Different strategies have been developed to avoid this
sequestration, such as genetic alteration in the hypervariable
region (HVR) of hexon (149), pseudotyping (complete change of
HVR) (150), and pharmacological agents (such as warfarin and
protein obtained from snake toxin and factor X-binding protein)
(151, 152). Surface PEGylation is a popular strategy for reducing
non-specific tissue absorption. Kwon et al. detected a substantial
10° increase in tumor to liver ratio when Ad was treated with a
PEGylated chitosan specific to the folate receptor compared to
naked Ad (153).

4.4 Intratumoral spread of OVs in
solid tumors

Tumor physiology is a major issue in cancer treatment since
tumors come in a variety of forms and sizes, making it difficult to
predict how and where medications, such as OVs, will be absorbed
(154). Therefore, viruses transferred within the tumor can only
infect and spread cells near blood vessels, leaving the rest of the
tumor untreated. Therefore, researchers have focused on
establishing mechanically activated transport mechanisms to
promote OV's penetration and increase virus anti-cancer activity
(155). Most solutions for this barrier rely on virus-encoded
matrix-degrading enzymes and anti-fibrotic agents. Diop-
Frimpong et al. showed that the penetration and effectiveness of
intratumorally injected oncolytic HSV were improved by using
Losartan, which is a clinically approved angiotensin II receptor
antagonist with anti-fibrotic effects (156). In another experiment,
Guedan et al. created a replicating Ad capable of producing
soluble sperm hyaluronidase (PH20) (AdwtRGD-PH20).
Intratumoral AdwtRGD-PH20 treatment caused hyaluronan
(HA) degradation, enhanced viral dispersion, and tumor
regression occurred in all of the treated tumors (157). In
addition, expressing matrix metalloproteinases-1 and -8 in
oncolytic HSV increased viral dispersion and treatment
efficiency by breaking down tumor-associated sulfated
glycosaminoglycans (158).

5 Oncolytic virotherapy in
combination with cancer
immunotherapeutics

Although various studies demonstrated viruses potential in
eliminating tumor cells, there is currently no report that
virotherapy can lead to a complete cure of cancer alone due to
the previously mentioned challenges. However, there is ample
evidence that OVs can be considered as the basis of combination
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therapy in different cancers due to their multiple mechanisms of
action and their simultaneous effects on tumor cells, immune
cells, and the TME (45, 159). Here, we have discussed possible
combinations of OVs with different biological products that can
overcome monotherapy challenges and limitations in
cancer treatment.

These combinations can be classified as 1) Armed
recombinant oncolytic viruses that carry the coding sequence
of other therapeutic agents which are excellently discussed
elsewhere by Kontermann (69), and 2) Combining OVs with
other biologic therapeutics separately.

Combining viruses with either the coding sequence or the
final protein form of antigen binding biologics)such as
antibodies, nanobodies and CAR-T cells(can help viruses
overcome some limitations, such as possible oft-target side
effects and non-specific uptake (Figure 3). Antibodies (Abs)
are widely used in targeted therapies and mostly recognize
TAAs on tumor cells. Abs are also combined with OVs to
improve possibility of attachment of the virus to its target
cells. As a proof to this claim, combining OVs with immune
checkpoint inhibitor (ICI) antibodies is leading to promising
anti-cancer results. Despite this issue, one of the main
limitations of antibodies, especially for the treatment of solid
tumors, is their poor tumor penetration due to physical barriers.
This can be improved by using smaller antibody fragments, such
as single-domain antibodies, scFv, and Fab. There are also other
functional antigen-binding therapeutic formats with some
notable advantages that are used in some other studies in the
viro-antibody therapy field that can be translated into the clinical
trial. These promising structures can be combined effectively
with OVs for better therapeutic efficacy. For improving the
combinational therapy outcome, nanobodies can also be used
to not only assist OVs in specific targeting, but also helping
viruses for more efficient penetration into solid tumors. Table 4
summarizes the various strategies of combination therapy with
oncolytic viruses.

5.1 Arming oncolytic virus with antibody
and its derivatives

5.1.1 OVs plus antibodies

Antibodies with different frameworks have been approved as
cancer therapeutics; each has a different mode of action, such as
blocking, neutralizing, and activating functions (159, 175, 176).
These antibodies have been also coupled to various viruses such
as Ad, MV, HSV, NDV, Reovirus, Vaccinia, and VSV in cancer
combinational therapy (177-179), and some with promising
results have been discussed below.

5.1.1.1 OVs plus immune checkpoint inhibitors

It has been shown that the expression of inhibitory receptors
on T-cells, including programmed cell death protein 1 (PD-1)
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Combination with antibody and nanobody Combination with CAR -T & CAR - NK
mAb
OV expressing mAbs or Nbs.
OV expressing CARor nano CARtegets
OV +Checkpoint inhibitors
OV expressing CAR or nano CARtegets and Cytokine
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Y GM-CSF e
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Bispecific AB Trispecific AB M:;i::d ScFV IL-15
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Nano-BITE Or NanoBIKE T cell
Combination with antibody and nanobody derivatives Combination with tumor infiltrating Immune cell activator
FIGURE 3

Characteristics of oncolytic virus combination therapy. OVs attack and destroy tumor cells preferentially. Lysis of tumor cells releases
neoantigen, PAMPs which trigger PRRs, which then produce inflammatory cytokines and antiviral type | IFNs. Viruses can activate cell death
pathways, resulting in immunogenic cell death phenotypes such as necroptosis, pyroptosis, immunogenic apoptosis, and autophagic cell death.
Antibodies that target cell surface indicators of immune cells (checkpoint inhibition), cancer cells (targeted therapy), or both (bispecific
antibodies) are wellestablished in cancer therapy. combination of oncolytic viruses with antibody and CAR-T cells; CAR-T cells bind to the
antigen on the surface of tumor cells and kill them, but they cannot migrate deeper into the dense tumor mass to remove antigennegative
tumor cells. also, CAR-NK cells show more anticancer activity than CAR-T cells because they attach to stress ligands on the surface of tumor
cells. The oncolytic virus attacks and destroys tumor cells, eliminating the tumor's dense structure

and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), and
their binding to their ligands on the target cells (PDL-1 and B7,
respectively) leads to aberrant activation of T-cells. In this
regard, blockade of these negative regulators by ICIs can
prevent T-cells suppression and improve their optimal activity
in combating tumor cells (179). Nevertheless, the clinical
response of ICIs correlates with pre-existing anti-tumor
immune responses, such as an elevated number of tumor-
infiltrating lymphocytes (TILs) and enough expression of
immune checkpoints (ligands) on the tumor cells (45, 180). It
has been shown that after viral infection, the expression of
immune checkpoints upregulates on the surface of tumor cells,
and accordingly, one of the most compelling combinational
therapies for cancer would be OVs + ICIs (45, 181). In
addition, another reason that makes the combination of OVs
and ICIs attractive in the treatment of cancer is their different
mechanism of action, which is an important parameter from the
pharmacological point of view (45).

Zamarin et al. showed that localized OVT by NDV
overcomes systemic tumor resistance to ICIs by inflaming the
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TME. They showed that I.T. administration of NDV not only
increased infiltration of the lymphocytes into the injected tumor
in the B16 melanoma mice models, but also the anti-tumor effect
was observed in a distant tumor without any virus injection.
Also, the localized administration of NDV in combinational
with systematic administration of CTLA-4 blockade exhibited
more efficient anti-cancer outcomes (182). In most studies for
assessment of combinational OV-ICI therapy, fully humanized
IgG antibody format has been used as ICIs; FDA-approved ICIs,
especially those in clinical trials and has been discussed in detail
elsewhere (178, 180). For example, although immune checkpoint
inhibition is a logical therapeutic candidate against glioblastoma
cells due to the increased expression of PD-1 on these cells
(along with IL-10 and TGF-b), anti-PD-1 alone could not
sufficiently eliminate tumor cells and there was a need for
synergistic interactions with OVs. So, Saha et al. showed that a
triple combination using anti-CTLA-4, anti-PD-1, and G47D-
mIL12 (recombinant HSV virus) cured most mice in two glioma
models. This approach not only treated mice, but also protected
them against tumor re-challenge. The synergistic activity was
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TABLE 4 Summary of combination therapies with oncolytic viruses and other immunotherapeutic agents.

Virus

Combination
oncolytic 3-
virus with
antibody

(ICI, mAb,

nanobody) Influenza

A virus
(IAV)

HSV-1

NDV

MV

VSV

Vaccinia
virus

Ad
(EnAd,
chimeric
type B
Ad)

NDV (wt

velogenic
Italien
strain)

Vaccinia
virus
(GLV-
1h68:
Lister
vaccine
strain,
triple
mutant)
HSV-1
(G207)

OVs plus
bispecific
antibodies

Frontiers in Immunology

Ad (Ad5/

E1AA24)

Strategies for
Antibody Gene
Expression

Replacement of early
genes (E3) with Ig
chains

Heavy chain in PB1
segment downstream
of PB1 gene via 2A;
light chain in PA
segment downstream
of PA gene via 2A

Separate transcription
unit, MMLV LTR
promoter

Additional
transcription unit
downstream of P gene

Separate transcription
unit downstream of H
gene

Additional
transcription unit
between G and L genes

Additional
transcription unit with
viral H5 promoter

Replacement of early
genes (E3) by Ig chains
linked via IRES

IgG heavy and light
chains as separate,
adjacent additional
transcription cassettes
with gene stop and
gene start signal for
viral transcription

Separate transcription
unit, viral promoters
(SEL, SL [VEGF] or

SEL+SL)

Inserted as separate
transcription unit with
CMYV promoter

Format

IgG2

IgG and
scFv

scFv fused
to mouse
IgG1

scFv

scFv-IgGl
Fc fusion

scFv

scFv

IgG1

nanobody

BiTE or
nanobody-

Target

Human
CTLA-4

IgG and
murine
CTLA-4

Murine
CTLA-4

Murine
CTLA-4

Murine
CTLA-4,
murine PD-
L1

Human PD-
L1

Human PD-
L1

Human
HER2
(Trastuzu-
mab)

CD147
(metuximab)

VEGF (scFv)
+ EGFR
(nanobody);
VEGF (scFv)
+ cross-
species FAP
(scFv)

Human PD-
L1 (scFv or

scFv fusion nanobody) x

Result

Subcutaneous xenograft mouse tumor model/intratumoral virus injection: OV-
encoded antibody was detected in xenografts; 43-fold higher antibody concentration
in tumor versus plasma; 81-fold higher antibody concentration detected in tumors
after injection of antibody-encoding OV compared with antibody-encoding
replication-deficient control virus (160).

Antibody insertion reduced titer, replication and in vivo morbidity and mortality of
TIAV
Functions of OV-produced IgG was similar to hybridoma-produced Ab.
Subcutaneous syngeneic bilateral mouse tumor model/intratumoral OV application:
scFv-encoding OV showed superior tumor growth inhibition (both flanks) and
prolonged survival compared with parental virus (161).

Bilateral subcutaneous syngeneic mouse tumor model/low dose intratumoral OV
injection of right flank tumor: antibody-encoding OV increasesd tumor growth
inhibition of injected (117).

Intradermal syngeneic mouse tumormodel/irradiation/intratumoral OV injection:
antibody-encoding OV + X-ray showed similarly increased survival and tumor growth
inhibition than parental virus + X-ray + systemic oi-CTLA-4 when compared with o-

CTLA-4 alone (162, 163).

Subcutaneous syngeneic mouse tumor model/intratumoral OV injection: o.-CTLA-4-
encoding OV reduced tumor progression, whereas o-PD-L1- encoding OV prolonged
survival both compared with control virus. Both antibody-encoding OVs increased T
cell infiltration, decreased Treg infiltration and resulted in splenocyte activation (164).

Subcutaneous syngeneic mouse tumor model with hPD-L1-expressing mouse tumor
cells/intratumoral OV injection: Antibody-encoding-OV or combination of parental
OV + intraperitoneal scFv reduced tumor growth and improved survival in
comparison to monotherapies, Increase of activated CD8+ T cells in spleen of mice
cured after treatment with antibody-encoding-OV compared with normal mice (165).

cell lines and activated T cells were infected: parental OV resulted in translocation of
PD-L1 to cell surface in cancer cells; antibody-encoding OV delivered sufficient o-PD-
L1 scFv to block cell surface detection of PD-L1 on cancer cells; OV-encoded scEFv
increaseed granzyme B production and prevented OV-induced decrease in perforin
release by T cells (166).

OV-encoded antibody showed direct antitumor activity and triggers ADCC in vitro.
Subcutaneous xenograft mouse tumor model/intratumoral virus injection enhanced
antitumor efficacy of antibody-encoding OV compared with parental virus or
trastuzumab for Her2-positive xenografts.

Higher tumor-to-blood antibody concentrations by antibody-encoding OV compared
with conventional antibody application (167).

Orthotopic xenograft mouse tumor model/intravenous OV application: antibody-
encoding OV resulted in antibody expression in tumors and tumor necrosis. Reduced
intrahepatic metastasis and prolonged survival compared with parental OV (168).

Subcutaneous xenograft mouse tumor model/intravenous OV injection:OVs encoding
single antibodies (targeting EGFR, VEGF, or FAP) inhibited tumor growth more
rapidly (one xenograft model) or stronger (other xenograft model) than control virus.
OV encoding two antibodies resulted in strongest tumor growth inhibition,
significantly superior to control virus; significance not reached in comparison to single
antibody-encoding OVs (169).

PD-L1-positivity of T cells did not prevent expansion or effector functions after
activation by purified BiTE: Co-cultures of infected tumor cell line, PBMC-derived T

(Continued)
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TABLE 4 Continued

Virus Strategies for Format  Target
Antibody Gene
Expression
human CD3
(scFv)
Ad Inserted as separate BiTE Human
(EnAd, transcription unit with folate
chimeric CMV promoter receptor-f3 x
type B human CD3
Ad)
MV Additional BiTe Human CEA
transcription unit X murine or
downstream of H gene human CD3,
human
CD20 x
murine CD3
Vaccinia Separate transcription BiTe Human
virus unit, late viral EphA2 x
promoter human CD3
OVs plus Ad HER2 chimeric antigen scFv Metastatic
CAR-T Cell receptor specific HER2
and CAR-NK cytotoxic T Positive
Cells lymphocytes Solid
Tumors
Vaccinia CD19-expressing scFv eradicate
virus oncolytic virus CF33- solid tumors
CD19
HSV-1 IL15/IL15Ro sushi scFv Glioblastoma

domain fusion protein

associated with increased M1-like macrophages, T effector cells
(CD4" and CD8"), and decreased T regulatory (Treg) cells (183,
184). To emphasize the effect of combination therapy, it should

be noted that while none of these agents were effective alone

enough, they showed remarkable therapeutic effects in

combinational strategy (184). It is worth noting that although

Imlygic® has been approved for adult patients with melanoma,

there are clinical trials for the assessment of Imlygic® in

combination with ICIs for improving the treatment outcomes

in melanoma and other cancer types (e.g., Pembrolizumab with
Imlygic® or Placebo in Unresected Melanoma, NCT02263508)
(181, 185). Other combinations, including this OV and ICIs for
triple-negative breast cancer with metastatic liver cancer and

colorectal carcinoma are also being evaluated in clinical

trials (186).

5.1.1.2 OVs plus monoclonal antibodies other than ICls
Apart from ICIs, some commercial mAbs with distinct

mechanism of actions, have also been combined with OVs to
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Result

cells and immunosuppressive ascites fluid: BiTE-encoding OVs, not control virus,
induced depletion of tumor cells (170).

Ex vivo ascites model with total ascites cells: BiTE-encoding OV induced T cell
activation and expansion, depletion of macrophages, and increase of M1 markers on
remaining macrophages (repolarization) superior to parental and control viruses (171)

Subcutaneous syngeneic mouse tumor models/intratumoral OV injection: BiTE-
encoding OV resulted in (i) prolonged survival, in one of two models superior to
control virus or direct BiTE injection; (ii) increased T cell infiltration and activation;
and (iii) protective immunity (to ental tumor cells not expressing the BiTE-target.
Thus indicative of antigen spread, i.e., activation of endogenous T cells specific for
tumor antigens) (172).

Co-cultures of infected tumor and unstimulated T cells or PBMCs: BiTE- encoding
OV, not control virus, induced T cell activation, which depended on presence of
EphA2-positive cells, and T cell-dependent bystander tumor cell killing. Lung
metastasis xenograft mouse tumor model/intravenous OV and/or PBMC injection:
BiTE-encoding OV showed significantly delayed tumor growth compared with
controls (173).

HER?2 chimeric antigen receptor specific cytotoxic T lymphocytes (HER2 specific
CAR-T cells), in combination with intra-tumor injection of CAdVEC, an oncolytic
adenovirus that was designed to help the immune system including HER2 specific

CAR-T cell reacted to the tumor.
https://clinicaltrials.gov/

The combination of CD-19-directed CAR-T with CD19-encoding OV resulted in
greatly improved survival of mice compared to antigen-mismatched combinations.
https://www.imugene.com/

OV-IL15C plus EGFR-CAR-NK cells synergistically suppressed tumor growth and
significantly improved survival compared with either monotherapy, correlating with
increased intracranial infiltration and activation of NK and CD8+ T cells and elevated
persistence of CAR-NK cells in an immunocompetent model. Collectively, OV-IL15C
and off-the-shelf EGFR-CAR-NK cells represented promising therapeutic strategies for
GBM treatment to improve the clinical management of this devastating disease (174).

improve the therapy outcome. In one study, the antitumor
activity of cetuximab (an epidermal growth factor receptor
inhibitor mAb) was assessed in combination with HSV. The
result showed that combining cetuximab and HSV could
improve distribution of the virus and lead to a synergistic
antitumor effect in HT-29 tumor xenograft models (187). In
another study, Zhang et al. demonstrated that combination of
recombinant oncolytic HSV with Bevacizumab (BEV) (which is
an antiangiogenic mAb approved for glioblastoma) in mice-
bearing human GBM, was led to improvement of antiangiogenic
effect of BEV while decreasing the tumor invasive-like
phenotype induced by this drug (188).

5.1.2 OVs plus nanobodies

Nanobodies are the smallest natural antigen-binding
constructs with a single variable domain (VHH, ~15kDa) as
the antigen-binding region (189). Nanobodies have unique
characteristics, such as easy selection by phage display, ease of
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manipulation, high stability in harsh conditions, and reaching
and recognition of specific hard-to-access epitopes, making
them more attractive in combination with other agents in
cancer immunotherapy, including OVs (190, 191). For
instance, due to the high complexity of glioblastomas and the
low accessibility of therapeutic agents to their TME, the
combination of viruses and nanobodies is a promising
candidate for glioblastoma treatment. In a proof-of-concept
study, Gil et al. used an anti-CXCR4 nanobody for retargeting
oncolytic HSV toward CXCR4" GBM cells. CXCR4 is
overexpressed in various cancers, including glioblastoma, and
usually correlates with a poor prognosis. The results of this study
indicated that OV plus nanobodies were highly encouraging for
targeting GBM cells (192).

CD47 acts as a "don’t eat me signal” to the immune system’s
macrophages, making it a potential therapeutic target in some
cancers. Different viruses have been engineered to express anti-
CD47 antibodies (193) or nanobodies (194) to have a multifaced
attack on the tumor cells. In a study, anti-CD47 nanobody-
expressing adenovirus reprogramed tumor immune
microenvironment and showed excellent anti-tumor immunity
(194). This anti-CD47 oncolytic adenovirus could induce
durable tumor suppression by changing the TME condition
and increasing activated TILs in the tumor site. Systemic anti-
tumor effects and memory immune cells were also observed after
treatment by this recombinant virus (194).

5.1.3 OVs plus bispecific or
trispecific antibodies

Bispecific antibodies (bsAb) are constructs with two different
antigen-binding sites with the aim of dual targeting (195). The
coding sequence of bsAbs can be inserted into the viral genome
to be expressed in the target tissue. Different viruses are
engineered to this end, including Ad, HSV, MV and vaccinia
(159, 196). Bi/trispecific antibodies can also be used in
combination with viruses in various timings and dosages.

5.1.3.1 OVs plus bispecific T-cell engagers

Viruses have been successfully combined with T-cell
retargeting bsAb, also called Bispecific T-cell Engager or BiTe
(197), to retarget T cells to the targeted tumor cells. In one study,
a recombinant adenovirus encoding bsCD3-EpCAM bispecific
antibody (bsAb) could effectively activate T-cells in malignant
peritoneal and pleural exudates despite the immunosuppressive
environment (198). Also, in another study, NDV-BiTe
constructs (e.g., antiHN scFv/antiCD3 scFv and antiHN scFv/
antiCD28 scFv) were successfully designed and expressed to be
evaluated for thier remarkable potentials in tumor
immunotherapy especially in breast and colorectal cancers
(199, 200).
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5.1.3.2 OVs plus natural killer cell engagers

Emerging role of NKs cells in cancer therapy becomes
clearer every day and its combination with virotherapy has
accelerated the progress of therapeutic processes in cancer.
Viruses can also be combined with bispecific NK engagers
(201) to retarget NK cells to their targeted tumor cells.

As an examples for this type of combination, Bahrololoumi
et al. constructed a bsAb (antiHN scFv/antiCD16 scFv) and a
trispecific antibody(antiHN scFv/IL-15/antiCD16 scFv) to bind
to the haemagglutinin neuraminidase (HN), a viral protein that
is expressed on the surface of the NDV infected tumor cell, and
the CD16 activating receptor on the surface of the NK cells for
redirecting NK cells toward the tumor cells (201, 202). NDV-
Ulster is a non-lytic strain of NDV that was used to inflame the
tumoral microenvironment in this study, and also in NDV-
based autologous tumor cell vaccines for stimulating the
immune response in the patient’s body (93, 178, 203, 204).

5.1.3.3 OVs plus trispecific antibodies

Trispecific antibody (Trike) is a single engineered antibody
platform that recognizes and binds to three different targets and
is expected to boost immune response significantly (205). There
are different studies that combine these trifunctional engagers
with OVs with the aim of cancer viro-immunotherpy. In one
study, researchers constructed a trispecific immunocytokine
(anti-NDV/IL2/anti-CD28) for efficiently targeting tumor cells.
This trike could bind to the HN of the NDV infected tumor cells
from one side and to the CD28 receptor on the T cells from the
other side, while IL-2 promoted T cells function (206, 207).
Ravirala et al, showed that combination of oncolytic HSV with
bi/tri specific antibodies which could bind to the NKG2D and
epidermal growth factor (EGF) from each side, while the
trispecific one also contained IL-2 sequence, could significantly
enhance infiltration and activation of NK and T cells in the
tumor site (208). Various bi/trispecific antibodies that were
combined with different viruses have been extensively
reviewed elsewhere (209).

5.2 OVs plus CAR-T and CAR-NK cells

Chimeric antigen receptor (CAR)-T cells are T cells that
have been genetically engineered to express an artificial
receptor to direct them toward a specific target in an MHC-
independent manner. The external domain of CAR-T cells
consists of an extracellular target antigen binding domain
which is usually a single-chain fragment variable (scFv) from a
specific monoclonal antibody, attached to the transmembrane
and signaling domains of this artificial receptor by a hinge (210).
Although some scFv-based CAR-T cell products are currently
approved by FDA for B-cell malignancies with encouraging
results, this approach still faces some limitations, such as
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trafficking and tumor infiltration, antigen escape,
immunosuppressive microenvironment, and CAR-T cell-
associated toxicities (211). As a consequence, CAR-T cells do
not exhibit profound anti-tumor effects in solid tumors. The use
of VHH-based CAR-T cells (Nanobody CAR-T cells) may could
resolve the abovementioned problems (212, 213). There are
different antigens that are targeted through Nanobody-based
CAR-T cells, such as vascular endothelial growth factor receptor
2 (VEGFR2) (214), human epidermal growth factor receptor 2
(HER2) (215), tumor-associated glycoprotein 72 (TAG-;72)
(216), prostate-specific membrane antigen (PSMA) (217-219),
glypican 2 (GPC2), epidermal growth factor receptor (EGFR),
B-;cell maturation antigen (BCMA), PD-;L1, and EIIIB (212,
220). It has been shown that the combination of CAR-T cells
(scFv or VHH-based) with virotherapy can help CAR-T cells
overcome their challenges in combat against solid tumors (such
as immunosuppressive TME and heterogeneity of the antigens)
and increase the immune response dramatically. For instance,
Nishio et al. showed that armed oncolytic Ad (with RANTES
and IL-15) could increase the efficacy of GD2 targeting CAR-T
cell in a neuroblastoma solid tumor model (221). Furthermore,
there is evidence that pre-treatment of solid tumors with OVs
before the administration of CAR-T cells may lead to better ICD
(222, 223). For example, combining recombinant oncolytic Ads
containing a coding sequence of different cytokines, such as IL-2,
RANTES and TNF-0, could lead to better accumulation and
survival of CAR-T cells (223). Some of the combinations, such as
Ad/HER-2 targeting CAR-T cell (NCT03740256) and VZV/
GD2 targeting CAR-T cell (NCT01953900) therapy, are
examples of such combinations being evaluated in clinical trials.

In the case of CAR-NK cells, in combination with HSV and
to treat brain cancer metastases, EGFR CAR-NK cells were used
intracranially in mice. This combination resulted in significantly
longer survival of tumor-bearing mice when compared to
monotherapies (224).

OVs attack and destroy tumor cells preferentially. Lysis of
tumor cells releases neoantigen, PAMPs which trigger PRRs,
which then produce inflammatory cytokines and antiviral type I
IFNs. Viruses can activate cell death pathways, resulting in
immunogenic cell death phenotypes such as necroptosis,
pyroptosis, immunogenic apoptosis, and autophagic cell death.
Antibodies that target cell surface indicators of immune cells
(checkpoint inhibition), cancer cells (targeted therapy), or both
(bispecific antibodies) are well-established in cancer therapy.
combination of oncolytic viruses with antibody and CAR-T cells;
CAR-T cells bind to the antigen on the surface of tumor cells and
kill them, but they cannot migrate deeper into the dense tumor
mass to remove antigennegative tumor cells. also, CAR-NK cells
show more anticancer activity than CAR-T cells because they
attach to stress ligands on the surface of tumor cells. The
oncolytic virus attacks and destroys tumor cells, eliminating
the tumor’s dense structure.
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5.3 Other combinations with OVs

5.3.1 OVs plus autologous DC or T cells

OV’ can also be combined with cell therapy to treat different
tumors, including solid tumors. For instance, the combination of
NDV and dendritic cells (DC (as an exciting platform is being
used in the IOZK clinic in Cologne Germany (Immun-
Onkologisches Zentrum Koln). Their studies and practices in
the IOZK indicated that DCs loaded with the lysate of NDV-
infected tumor cells (viral oncolysate, VOL) triggered potent
anti-tumor immunity by promoting the secretion of IFN-y and
IL-2 from T-cells. This combinational therapy is now available in
the IOZK clinic and patients can benefit from the advantages of
this kind of cancer combinational treatment (200, 225).
Activation of naive human T-cells by co-incubating with
NDV-infected irradiated autologous tumor cells (ATV-NDV)
which can be further modified with bi-specific or tri-specific
antibodies can also offer a promising multimodal anti-cancer
approach (226).

Altogether, strong evidence confirm that different
therapeutic agents can have a measurable therapeutic effect in
cancer treatment, but due to the specific and complex biology of
cancer and its TME, the therapeutic outcome of these agents
lonely, do not contribute to the final treatment of cancer
patients. Thus, this is where rational combination therapy of
these factors with each other, especially with OVs is
much needed.

5.3.2 OVs plus tumor-infiltrating lymphocytes
It has been demonstrated that weak functionality of natural
TILs in the tumor site is strongly related to tumor progression
(227). OVs can set the scene by inflaming the tumor
microenvironment for better functionality of TILs. Feist et al,
showed that local injection of poxvirus into a solid tumor in
mice, could lead to activation and accumulation of TILs in the
tumor site which had a low immunogenicity before virus
infection (228). In another study, it was shown that
virotherapy with a type of oncolytic adenovirus, could increase
the TILs and significantly reduce the tumor size in the
immunocompetent mouse model (229). It has also been
shown that infecting the tumor with recombinant oncolytic
HSV, could unleash the full potential of TILs which led to
tumor regression and antitumor immunological memory (230).

6 Conclusions

OVT success, specifically FDA- and regional-approved OVs,
has made waves in (pre)clinical areas, attracting both society and
the scientific community’s attention. However, some of challenges
have limited OVs application as immunotherapy, and their
combination with other biotherapeutic platforms has been
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proposed in cancer therapy. To date, hundreds of combinations of
OVs with other biotherapeutic platforms, including antibodies,
nanobodies, ICIs, CAR-T cells, and DCs, have been investigated in
clinical trials to understand which and how best to provoke anti-
cancer immune responses. Some considerations could improve
the efficacy of OVs, either as monotherapy or combination
therapy. First, the dosage, targeted mechanisms, administration
schedule, delivery technologies, and types of OVs could be
considered because of their indispensable roles in the outcome
of cancer immunotherapy and priming TME in combinational
regimens. Second, understanding the interaction between
immune cells/system, tumor cells/TME, and OVs and the
combinational agents should help make new therapeutic
combinations possible. Third, defining reliable biomarkers to
distinguish “hot tumors” from “cold ones” can help scientists
determine subsequent therapies. Finally, providing beneficial
impacts of OVs and their combinational regimens on patients’
life quality requires the contribution of molecular biologists,
pharmacologists, immunologists, and clinicians. Indeed, current
clinical trials results can help scientists develop new systems of
combination therapy and deliver innovative treatments
to patients.
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Adenosine triphosphate (ATP) represents a danger signal that accumulates in
injured tissues, in inflammatory sites, and in the tumor microenvironment. ATP
promotes tumor growth but also anti-tumor immune responses notably via the
P2X7 receptor. ATP can also be catabolized by CD39 and CD73 ecto-enzymes
into immunosuppressive adenosine. P2X7, CD39 and CD73 have attracted
much interest in cancer as targets offering the potential to unleash anti-
tumor immune responses. These membrane proteins represent novel
purinergic checkpoints that can be targeted by small drugs or biologics.
Here, we investigated nanobody-based biologics targeting mainly P2X7, but
also CD73, alone or in combination therapies. Blocking P2X7 inhibited tumor
growth and improved survival of mice in cancer models that express P2X7.
P2X7-potentiation by a nanobody-based biologic was not effective alone to
control tumor growth but enhanced tumor control and immune responses
when used in combination with oxaliplatin chemotherapy. We also evaluated a
bi-specific nanobody-based biologic that targets PD-L1 and CD73. This novel
nanobody-based biologic exerted a potent anti-tumor effect, promoting
tumor rejection and improving survival of mice in two tumor models. Hence,
this study highlights the importance of purinergic checkpoints in tumor control
and open new avenues for nanobody-based biologics that may be further
exploited in the treatment of cancer.

KEYWORDS

P2X7, purinergic signaling, tumor microenvironment (TME), anti-tumor immune
responses, nanobody, nanobody-based biologics, AAV vectors
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Introduction

Adenosine triphosphate (ATP) release into the extracellular
space (eATP) represents a well-known danger signal acting
through two main families of plasma membrane receptors: G
protein-coupled receptors, named P2Y receptors, and ATP-gated
ion channels, termed P2X receptors (1). Among the latter family,
P2X7 forms a homotrimeric receptor that has attracted much
interest in the fields of inflammation and cancer. P2X7, a non-
selective ligand-gated cation channel, is expressed at the cell
surface of various leukocytes, in particular monocytes,
macrophages and regulatory T cells (2-5). P2X7 is known to be
central in inflammation for its ability to activate the NLRP3
inflammasome and trigger IL-1 and IL-18 release (3, 6-9).
Prolonged activation of P2X7 leads to the opening of a
membrane pore allowing the entry of large molecules of up to
900 Da. Whether this membrane permeabilization is due to
dilatation of the P2X7 channel itself or to the activation of non-
selective pores like pannexin-1, gasdermin D or anoctamin 6, may
depend on the cellular context, the lipid composition of the
membrane, and on the level of expression of these proteins (10-
12). Whatever the exact molecular mechanism that leads to pore
formation, P2X7 can induce a major perturbation of intracellular
ion balance and thereby modify cellular activities, cellular
function, and cell fate. In the context of cancer, P2X7 has been
assigned various and contrasting roles as a driver of cancer cell
growth (13) and metastatic dissemination, or as a promoter of
immune mediated tumor eradication (14, 15). High
concentrations of eATP, released in the vicinity of stressed or
damaged cells during inflammation, but also within the tumor
site, represent a “danger signal” than can influence the activity and
function of immune cells. P2X7 is also found at the surface of
numerous tumor cell types an as been proposed to confer a
selective advantage to tumor cells through their tonic stimulation,
leading to higher concentration of mitochondrial calcium, fueling
growth and invasiveness (16, 17). eATP plays a complex role
within the tumor microenvironment (TME) depending on
multiple factors such as its concentration, the abundance of
ecto-ATPases, the expression level of P2X7, and the nature of
the P2X7 variant expressed by immune and tumor cells (18, 19).

On T lymphocytes, P2X7 induces the shedding of CD62L
and CD27 by metalloproteases (5, 20-23), and controls the
differentiation, proliferation and survival of T cells and of
tissue resident memory T cells (24, 25). Also, FoxP3"
regulatory T cells (Tregs) are known to express P2X7 at high
levels, and its activation controls their phenotype, their
suppressive functions, as well as their survival (4, 5). Taken
together, activation of P2X7 on myeloid and lymphoid cells
converge to promote and amplify inflammation as well as the
emergence of an adaptive T cell response (3, 6, 26).
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In the TME, P2X7 blockade induces modification in
the expression of ecto-enzymes involved in the control of the
purinergic signaling cascade, including modifications in the
expression of the 5’-ecto-nucleotidase CD73 that control
accumulation of immunosuppressive adenosine (27). This
strongly suggests that P2X7 expression and function may
control the entire eATP/adenosine balance in the TME and may
exert a broad impact on tumor proliferation and dissemination.
Yet, other studies also suggested a key role of P2X7 in anti-tumor
immunity and have linked the release of its ligand, ATP, to the
occurrence of immunogenic cell death and to stimulation of anti-
tumor immune responses (28, 29). Hence, P2X7 either on its own
or together with other key players of the purinergic signaling
cascade such as CD39 and CD73, play an important role in tumor
immunogenicity at least during the early phase of cancer
development (29-31). Antagonistic antibodies targeting CD39
that are in clinical development exert their therapeutic effect
partly in relation with P2X7 (32, 33). CD73-blocking antibodies,
which also hold promise in clinics, were shown to improve anti-
tumor immune responses and to prevent metastasis when used
alone or in combination with other therapeutic strategies (34, 35).
Indeed, CD73 blockade may decrease accumulation of adenosine,
a potent anti-inflammatory molecule that inhibit anti-tumor
immune responses and favor tumor growth (36-38). This
protumoral effect of adenosine rely on different mechanisms,
such as the expression of the inhibitory A2a adenosine receptors
by T cells limiting their activation and expansion in the adenosine
riche TME (36, 37). These discoveries has led to preclinical and
clinical validations that have better delineate the factors that
contribute to improve anti-tumor immune responses in
therapeutic strategies aiming to inhibit adenosine signaling in
the tumor context (39-42).

Taking together, this suggest that targeting P2X7 and/or
multiple key purinergic players in the TME, may be beneficial for
the treatment of tumors. Here we used an AAVnano
methodological approach that we previously described (43, 44)
to evaluate the anti-tumor effects of P2X7 blocking, or
conversely P2X7 potentiation, in different tumor models in
vivo. Further, we developed novel nanobody-based biologics
targeting other key immune and/or purinergic checkpoints of
the TME and evaluated their efficacy either alone, or in
combination with a P2X7-potentiating nanobody-based
biologic. Interestingly, we demonstrated that a bi-specific
construct targeting PD-L1 and CD73 exerts a potent anti-
tumor effect, promoting tumor rejection and improving mice
survival in two tumor models. Hence, this study highlight the
importance of the purinergic signaling in the tumor context and
suggests that key purinergic players represent attractive novel
anti-tumor checkpoints that may be further exploited in
future treatments.
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Material and methods
Mice, reagents, antibodies

C57BL/6]Rj wild-type mice obtained from Janvier Labs were
used for all experiments. Mice were housed in a specific
pathogen-free facility and were aged of 8 weeks at the
beginning of experiments. All animal experimental protocols
were approved by the French Ministry of Education and
Research, after consultation of the ethical committee (n°
APAFIS#27682). Adenosine 5-tri-phosphate disodium salt was
purchased from Sigma Aldrich (A2383). Red blood cell (RBC)
lysis/fixation Solution, True-Nuclear Transcription factor buffer
set, and antibodies to CD45 (clone 30-F11), CD4 (RM’-5), CD8
(53-6.7), CD25 (PC-61), CD19 (1D3/CD19), FoxP3 (ME-14),
CD27 (LG.3A10), CD62L (MEL-14), P2X7R (1F11), CD39
(Duha59), CD73 (CXCR3-176), TIGIT (1G9), TIM3 (RMT3-
23), CD49b (DX5), NK1.1 (PK136), CX3CR1 (SAO11F11), PD-
1 (29F1A12), CD11c (N418), CD11b (M1170), CD44 (IM7),
XCRI1 (ZET), P2X7 (1F11) and purified CD16/D32 (TruStain
FcX) were obtained from Biolegend or Sony Biotechnology.

Cell cultures

Mouse B16F10 melanoma (ATCC CRL-6375), mouse Lewis
Lung Carcinoma (LLC, ATCC CRL-1642) and mouse thymoma
(EG7, ATCC CRL-2113) cell lines were maintained in culture
using standard procedures and were regularly tested for the
absence of mycoplasma contamination. BI6F10 and LLC were
grown in DMEM glutamax medium, FBS 10%, penicillin (100 U/
ml) streptomycin (100 mg/ml) and pyruvate 1 mM, (all
purchased from ThermoFisher Scientific, Gibco). EG7 were
grown in RPMI medium, FBS 10%, penicillin (100 U/ml)
streptomycin (100 mg/ml) and pyruvate 1 mM, (all purchased
from ThermoFisher Scientific, Gibco).

Flow cytometry analyses

For evaluation of P2X7 expression tumor cells were
collected, and single-cell suspensions were prepared and
washed using standard procedures. Cells were stained with
fluorochrome-conjugated anti-P2X7 (clone 1F11) or related
isotype controls.

For evaluation of P2X7-dependent shedding of CD27 and
CD62L upon ex vivo exposure to ATP, blood samples were
collected, washed, resuspended into PBS (without Ca?" and Mg2+)
and divided into 3 tubes. Cells were then treated with 30 uM ATP,
150 uM ATP or left untreated. After incubation for 15 min at 37°C,
cells were washed in cold D-PBS containing 10% FBS and stained on
ice with fluorochrome-conjugated antibodies before one-step
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fixation and RBC lysis (using RBC Lysis/Fixation Solution, Sony
Biotechnology). The percentages of cells co-expressing CD27 and
CD62L were then evaluated by flow cytometry.

For the evaluation of the cells infiltrating the tumor, the
B16F10 tumor was excised, and the cell suspension was filtered
through a 100 uM nylon filter (cell strainer, BD Biosciences).
Single cell suspensions were prepared and washed using
standard procedures. Cells were stained with fluorochrome-
conjugated antibodies before one-step fixation and RBC lysis.
Cells were then analyzed by flow cytometry.

Flow cytometry data acquisitions were performed using an
LSRFortessa or a FACSCanto-I (BD Biosciences) apparatus and
subsequent analyses were performed using FlowJo software
(v10.8.1,Tree Star, Ashland, OR).

Nanobody-based biologics, production
of AAV vectors, and muscle transduction

All nanobody-based biologics were based on nanobodies
generated and selected as described before (9, 45). The construct
14D5-dimHLE used to potentiate P2X7 function was based on a
nanobody dimer (“dim” format) fused to the AIb8 anti-albumin
nanobody (to confer half-life extension “HLE”). This construct
contains the coding sequences for to two 14D5 nanobodies, fused
together using a 35-GS linker (GGGGS)x7, and the coding sequence
for an anti-albumin nanobody Alb8 fused via a 9-GS linker
(GGGGSGGGS) (9, 45). Similarly, PD-L1-dimHLE, CD73-
dimHLE and CD73/PD-L1-dimHLE were designed as
monospecific or bi-specific nanobody-based biologics based on
the same strategy with the published sequence of an anti-PD-L1
blocking nanobody (clone B3) (46) or the sequence of a CD73-
blocking nanobody (clone SB121). The CD73-specific nanobody
SB121 was generated from an immunized alpaca and reformatted
into a dimHLE using established protocols described earlier (47-
49). The construct 13A7-hcAb used to inhibit P2X7 function was
designed as a heavy-chain antibody (hcAb) by fusing the sequence
corresponding to the nanobody 13A7 to the hinge and Fc regions of
a mutated mouse IgGl antibody carrying the “LSF” mutations
(T252L, T254S, T256F) described previously to confer higher
affinity to the neonatal Fc receptor (FcRn) and thereby an
extended half-life in vivo (50, 51). For AAV vectors production,
all constructs were cloned into a pFB plasmid under the control of a
CBA promoter (for AAV1 constructs encoding 14D5-dimHLE and
13A7-hcAb) or under the related CASI promoter (for AAVS
constructs encoding PD-L1-dimHLE, CD73-dimHLE and CD73/
PD-L1-dimHLE). Production, purification, and titration of
recombinant AAV1 and AAVS8 were performed by Virovek
(Hayward, California, USA) using the baculovirus expression
system in Sf9 insect cells. For muscle transduction, mice hind legs
were shaved under anesthesia and 100 pL diluted AAV were injected
into muscles using a total dose of 10" viral genomes (vg) per mouse.
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Experiments in murine models

For muscle transduction, mice hind legs were shaved under
anesthesia and 100 uL PBS-diluted AAV were injected into 4
muscle sites (gastrocnemius and/or quadriceps) to reach a total
dose of 10" viral genomes (vg) per mouse. 21 days later B16F10
(5x10°), LLC (5x10°) or EG7 (10°) cells were subcutaneously
injected into the right flank of each mouse. The animals were
randomized, and the operator was blinded to the group of
allocation. Tumors were measured using a digital caliper, and
their volumes were estimated using the formula V= length x
width x [(length + width)/2]. In some experiments, 5mg/kg
oxaliplatin was injected seven days after tumor inoculation.

Statistics

All data are presented as mean + standard error of the mean
(SEM). Statistical comparisons between experimental groups were
performed using one-way ANOVA and Tukey’s multiple
comparisons post hoc tests. Two-Way ANOVA with Dunnett’s
multiple comparisons post hoc tests was used for statistical analysis
of tumor growth curves. Statistical analysis of the survival was
performed using Log-Rank tests. All statistical analyses were
performed with the GraphPad Prism software (V8, GraphPad, San
Diego, Ca, USA). For all, the threshold for statistical significance was
set at p<0.05 (*p<0.05, *p<0.01, **p<0.001 and **** p<0.0001).

Results

Injection of AAV vectors coding for
nanobody-based biologics that target
P2X7 significantly blocks or potentiates
P2X7 functions in vivo

In this study, we used the AAVnano methodological
approach (43, 44), to evaluate the anti-tumor effect of
nanobody-based biologics designed to block or to potentiate
P2X7 functions. Using this methodology, we previously
reported that a single intramuscular (i.m.) injection of the
corresponding AAVnano vector elicits production of the
modulating nanobody-based biologics over several weeks (43,
44) with a relatively stable pharmacokinetic profile, thereby
allowing evaluation of the targeted pathway in vivo (Figure 1A).
We generated AAV vectors coding for a P2X7-antagonistic heavy
chain antibody format designated 13A7-hcAb (i.e., nanobody
13A7 fused to the hinge and Fc-region of a mouse IgGl) or a
bivalent, half-life extended, P2X7-potentiating nanobody dimer
format designated 14D5-dimHLE (i.e. composed of a dimer of
nanobody 14D5, fused to a third nanobody specific for albumin)
(9) (Figure 1B). AAV1 vectors coding for these constructs were
injected i.m. in the hind-leg muscles of C57BL/6 mice, 21 days
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before tumor cell inoculation. First, to evaluate the functionality
of the nanobody-based constructs produced in vivo, we collected
blood samples before tumor inoculation in each experiment, and
evaluated P2X7 functionality at the surface of circulating
peripheral blood leucocytes. For that, blood samples were
incubated with different concentrations of ATP ex vivo, and
P2X7-dependent shedding of CD62L and CD27 were
monitored on T cells (4, 5, 20, 52, 53). As expected from a
P2X7-antagonistic biologic, CD8" T cells (Figure 1C), CD4™ T
cells (Figure 1D) and CD4" CD25" regulatory T cells (Tregs)
(Figure 1E) from mice injected with AAV1 coding for 13A7-hcAb
were protected from ATP-induced shedding of CD62L/CD27.
Conversely, T cells from mice injected with AAV1 vector coding
for the P2X7-potentiating 14D5-dimHLE construct showed
enhanced sensitivity in this assay, notably at the lowest ATP
dose of 30 uM (Figures 1C-E). Hence, these results confirm the
blocking effect of 13A7-hcAb, and conversely the potentiating
effect of 14D5-dimHLE, which were produced in vivo upon a
single i.m. injection of the corresponding AAVnano vectors.

Nanobody-based biologic that inhibit
P2X7 functions have a beneficial anti-
tumor effect in P2X7-expressing
tumor models

To evaluate the effects of the blocking and the potentiating
nanobody-based biologics in a tumor context, we took advantage
of our AAVnano methodology to induce their continuous
expression in vivo. However, as expression of P2X7 in tumor
cells has been reported to influence tumor growth per se, owing
to a trophic effect of P2X7 tonic stimulation, we first verified the
levels of P2X7 expression at the surface of each tumor model.
The results demonstrated that Lewis lung carcinoma (LLC) cells
express very low surface levels of P2X7, while the melanoma
B16F10 cells display intermediate P2X7 levels, and the EG7
thymoma cells express the highest levels (Figure 2A). These
tumor cells were inoculated in groups of animals that received
AAV1 vectors coding for either 13A7-hcAb or 14D5-dimHLE
three weeks before and the tumor volumes were measured on the
following days (Figure 2B). For the LLC model with low levels of
P2X7, we observed no significant effect of the nanobody-based
biologics on tumor growth, but a tendency of better tumor
control in the group that received the AAV vector coding for
14D5-dimHLE (Figure 2C), also resulting in a slightly better
survival in this group (Figure 2D). In the B16F10 melanoma
model, the potentiating 14D5-dimHLE biologic had no obvious
effect on tumor growth and mice survival, while the antagonistic
13A7-hcAb significantly reduced tumor growth (Figure 2E) and
slightly improved survival, although not significantly
(Figure 2F). In the EG7 thymoma model with the highest level
of P2X7, we observed again that the P2X7-potentiating biologic
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*5%p<0.001, ****p<0.0001.

had no effect on the early phase of tumor growth. However, as
also observed in the melanoma model, blocking P2X7 with the
13A7-hcAb biologic significantly decreased tumor growth and
improved mice survival (Figures 2G, H). Interestingly, a
gradation of the beneficial effect of the blocking 13A7-hcAb
biologic can be noticed, apparently in relation with the surface
expression of P2X7 in each of these tumor models (Figures 2A,
C, E, G). Taken together, these results suggest that inhibition of
P2X7 significantly reduces tumor growth when P2X7 is
expressed at the surface of the tumor cells.

Potentiation of P2X7 functions in vivo
with the 14D5-dimHLE biologic
influences the composition of immune
infiltrates in a melanoma model

Next, we turned to the B16F10-Ova melanoma model with the
aim to also study the composition of immune infiltrates, and
possibly to detect antigen-specific anti-tumor T cells that could
emerge if an adaptive immune response is induced by nanobody-
based therapies. As before, groups of mice received AAVnano
vectors coding for 14D5-dimHLE or 13A7-hcAb. The monitored
tumor growth was in line with the previous results obtained with the
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B16F10 model and showed again that 13A7-hcAb inhibits tumor
growth in the early phase of tumor progression, although not
significantly, while 14D5-dimHLE did not induce any
conspicuous effect (Figure 3A). Next, 14 days after tumor
inoculation, the tumor was resected to study the composition of
the immune infiltrates in the different groups. We observed that the
nanobody-based biologic 14D5-dimHLE alter the composition of
the lymphoid compartment in the TME significantly as compared
to control mice (Figure 3B). Indeed, 14D5-dimHLE biologic
decreased the proportion of CD4" T cells and increased the
proportion of CD8" T cells (Figure 3C). 13A7-hcAb biologic in
contrast did not significantly modify the lymphoid compartment
but reduced the proportion of CD11b* CD11c myeloid cells
(Figures 3B, C). Both 13A7-hcAB and 14D5-dimHLE biologics
decreased the percentage of CD4" T cells expressing the exhaustion
marker TIGIT, and more importantly, of those expressing the
immunosuppressive enzymes CD39 and CD73, two important
purinergic checkpoints (Figure 3D). These ecto-enzymes tended
also to be less expressed at the surface of Tregs, although with a
higher variability. Although the composition of the TME was
modified by the biologics treatment, with a reduction of
immunosuppressive cells This was apparently not enough to
reject the tumor in agreement with the absence of detectable
CD8" T cells recognizing the tumor-derived ovalbumin (Ova)
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Antagonistic nanobody-based biologics directed against P2X7 inhibit the subcutaneous growth of tumor cell lines expressing P2X7 in vivo (A)
P2X7 cell surface levels of LLC carcinoma, B16F10 melanoma, and EG7 thymoma cell lines were evaluated by flow cytometry using a
fluorochrome-conjugated P2X7-specific antibody (blue histograms) and compared to the background staining obtained using a fluorochrome-
coupled isotype control antibody (red histograms). (B) Protocol used to evaluate the in vivo effect of P2X7-blocking or P2X7-potentiating

biologics on tumor growth. Mice were injected i.m. with 10** vg/mouse of

the indicated AAVnano vectors, namely AAV-13A7-hcAb (coding for

the P2X7-blocking nanobody-based biologic), or AAV-14D5-dimHLE (coding for the P2X7-potentiating nanobody-based biologic). 21 days later,
mice were inoculated with the indicated cancer cells in the right flank of the animal and tumor volumes were monitored over time. (C, E, G)
Mean tumor volumes in groups of mice (n = 10) injected with the LLC carcinoma, B16F10 melanoma, or EG7 thymoma tumor model. (D, F, H)
Corresponding survival curves are shown for each tumor model. Experiments were repeated at least 2 times with similar results. The statistical
comparisons between tumor volumes were performed using two-way ANOVA. The statistical analyses of survival rates were performed using

Log-Rank tests. *p<0.05, **p<0.01.

antigen (data not shown). These results indicate that both P2X7-
targeting biologics can influence the composition of the TME, even
the potentiating 14D5-dimHLE biologic that did not show any effect
on the tumor growth in this model. Taken together, this suggests
that although P2X7 potentiation induces a more favorable TME for
the emergence and for the activation of anti-tumor immune cells,
targeting P2X7 alone was clearly not enough to control tumor
progression in this aggressive melanoma model.

P2X7 potentiating and blocking biologics
in combination with an immunogenic
chemotherapy improve tumor control in
the EG7 tumor model

We next evaluated our P2X7-targeting biologics in
combination with an immunogenic chemotherapy treatment.
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We reasoned that such a treatment should indeed increase the
concentration of ATP in the TME and may therefore synergize
with P2X7 targeting. We chose the EG7 model, as it was
previously shown to be sensitive to oxaliplatin and to induce
an immunogenic cell death that relies on ATP release in vivo
(28). Notably, we expected that the potentiating 14D5-dimHLE
nanobody-based biologic would favor the emergence of anti-
tumor immune responses and promote tumor control when
given in combination with oxaliplatin. To evaluate this
hypothesis, we injected as before the AAVnano vectors coding
for both biologics three weeks before EG7 tumor inoculation. A
single dose of oxaliplatin was then injected 7 days after tumor
inoculation when the mean volume of tumors reached 50 mm?
(Figure 4A). As expected, oxaliplatin used at 5 mg/kg decreased
tumor growth but did not induce complete tumor rejection.
When combined with the 14D5-dimHLE potentiating biologic, a
better tumor control was observed and, importantly, tumor
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Modification of immune cell infiltrates within the tumor microenvironment in response to in vivo generated biologics targeting P2X7. (A) Tumor
growth curves of B16F10-Ova melanoma cells are shown for group of mice treated as in Figure 2B. (B, C) Relative percentages of tumor
infiltrating myeloid and lymphoid CD45" cells were determined by flow cytometry 14 days after tumor inoculation in groups of mice (n=6-7)
treated with AAV-13A7-hcAb, AAV-14D5-dimHLE, or with PBS. (D) Percentages of CD39"CD73" cells (left panel) or TIGIT* (middle panel) cells
within the conventional CD4*FoxP3"™ T cells (Tconv), and the percentages of CD39*CD73" cells within the CD4*FoxP3* Tregs subset (right
panel) were determined by flow cytometry. The statistical comparisons between tumor volumes were performed using 2-way ANOVA. The
statistical comparisons between tumor infiltrating cell subpopulations were performed using one-way ANOVA. *p<0.05.

rejections in most mice (Figure 4B). Taking advantage of the
expression of the Ova antigen by this tumor cell line, we also
monitored the emergence of anti-Ova CD8" specific T cell in the
blood of these mice, 14 and 22 days post tumor inoculation. The
data indeed suggest that the combination of oxaliplatin and
14D5-dimHLE results in more robust CD8" T cells stimulation
than in the other groups (Figure 4C). This was also the case
when evaluating the anti-Ova IgG responses, suggesting a higher
level of immune stimulation in this group (Figure 4D).
Interestingly, we also noticed a better tumor control in the
group of mice that received oxaliplatin together with the
P2X7-blocking 13A7-hcAb biologic (Figure 4B). As the EG7
tumor cell line expresses high levels of P2X7, we assume that this
effect was related to the inhibition of the tonic stimulation of
P2X7. This is in agreement with the lower stimulation of
immune cells in this group in comparison with the previous
one (Figures 4C, D). Taken together, these data suggest that both
P2X7-targeting biologics, the blocking 13A7-hcAbs as well as the
potentiating 14D5-dimHLE, can improve tumor control in
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combination with oxaliplatin chemotherapy, although with
different mechanisms of action.

A bispecific biologic targeting both CD73
and PD-L1 more effectively inhibits
tumor growth in vivo than
monotherapies with P2X7-specific
biologics

We next evaluated other nanobody-based biologics using
our method, either alone or in combination with 14D5-dimHLE
treatment. As CD73 has emerged as a key purinergic checkpoint
in the TME, we designed a CD73-specific construct based on
nanobody clone SB121, which displays an antagonistic effect on
the enzymatic activity of CD73 in vitro. Like 14D5-dimHLE, the
CD73-targeting construct, termed anti-CD73-dimHLE, contains
a nanobody dimer (SB121), coupled to an anti-albumin
nanobody to increase its half-life in vivo. For comparison, we

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1012534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Demeules et al.

A
s.c. inoculation
of cancer cells
AAVnano i.m. Oxaliplatin (Oxa)
injection 5 mg/kg
evaluation of tumor voulumes and
immune responses
day -21 day 0 day 7 day 7 to day 23
C *
8 —
" 4 PBS + Oxa
@ 13A7-hcAb + Oxa
6 & 14D5-dimHLE + Oxa
b []

%CD8*CD44* Dextramer*

D14 D21
PBS

D14 D21
13A7-hcAb

D14 D21
14D5-dimHLE
1

Oxa 5mg/kg

FIGURE 4

tumor volume mm®

anti-Ova IgG titers

10.3389/fimmu.2022.1012534

* PBS

4 PBS + Oxa

® 13A7-hcAb + Oxa
# 14D5-dimHLE + Oxa

2000+

1500+

1000+

5004 Oxa

5 7 8 9 10 12 14 16
days post tumor inoculation

4000+
< PBS + Oxa

@ 13A7-hcAb + Oxa

. o
3000 #® 14D5-dimHLE + Oxa

2000+ L]

= ]

T
PBS
L

1000+

T
13A7-hcAb 14D5-dimHLE
I

Oxa 5mglkg

Treatment with P2X7-targeting biologics combined with oxaliplatin chemotherapy (A) Protocol used to evaluate the in vivo effect of P2X7-
targeting biologics on tumor growth when combined with oxaliplatin chemotherapy. AAVnano coding for the P2X7-blocking 13A7-hcAb, or for
the P2X7-potentiating 14D5-dimHLE were injected i.m. 21 days before s.c. injection of EG7-Ova thymoma cells. Oxaliplatin (5 mg/kg) was
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specific CD8" cells in peripheral blood were determined by flow cytometry at days 14 and 22 post tumor inoculation. (D) Anti-Ova IgG titers
were determined by ELISA in sera collected 23 days post tumor inoculation. Statistical comparisons between tumor volumes were performed
using two-way ANOVA, and statistical comparisons between the levels of anti-Ova immune responses were performed using one-way ANOVA

*p<0.05, ***p<0.00L.

also designed a nanobody-based construct that targets the well-
known PD-L1 immune checkpoint, that we termed anti-PDL1-
dimHLE. For that, we used the same dimHLE format but with
nanobody clone B3, previously demonstrated to specifically
block the interaction between PD-LI and its cognate receptor
PD-1 (46). Finally, we also designed a bispecific construct
targeting both, CD73 and PD-LI1, as both proteins are
overexpressed by the tumor cells and/or by the immune
infiltrates that compose the TME (54). We reasoned that this
bispecific construct, termed anti-CD73/PDLI-HLE, might not
only improve T cell activation by inhibiting the PD-1/PD-L1 axis,
but also inhibit the accumulation of anti-inflammatory adenosine
in the TME, which represents another non-redundant
immunosuppressive mechanism. Evaluation of the
monospecific and the bispecific nanobody-based biologics was
again performed using our AAVnano method using the EG7
thymoma model (Figure 5) as well as the more aggressive and less
immunogenic B16F10 melanoma model (Figure 6). For that,
AAV8 vectors coding for either anti-CD73-dimHLE, anti-
PDL1-dimHLE or anti-CD73/PDL1-HLE were generated and
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injected i.m. in different groups of mice. For comparison, an
additional group was injected with the AAVnano vector coding
for 14D5-dimHLE, the P2X7-potentiating biologic. As before,
EG7 or B16F10 tumor cell lines were inoculated 3 weeks later
(Figures 5A and 6A). Like in the previous experiments, the 14D5-
dimHLE biologic alone did not promote tumor control of EG7
nor of B16F10 tumors, and was statistically indistinguishable
from the untreated control group, both in terms of tumor growth
and survival (Figures 5B, C and 6B, C). Similarly, the anti-CD73-
dimHLE biologic did not inhibited tumor growth nor survival in
both tumor models. In contrast, the bispecific anti-CD73/PDL1-
HLE biologic significantly enhanced the control of tumor growth
in the B16F10 melanoma model, or even led to complete tumor
rejection in the EG7 model, as well as improved mice survival in
both tumor models (Figures 5B, C and 6B, C). Interestingly, in
both tumor models, this novel bispecific construct also tended to
be more efficient than the anti-PDL1-dimHLE biologic, in terms
of reduction of tumor growth as well as in terms of mice survival.

Finally, we also evaluated each of the three biologics (anti-
CD73-dimHLE, anti-PDL1-dimHLE, and anti-CD73/PDL1-

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1012534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Demeules et al.

A AAVnano i.m.  s.c.inoculation

10.3389/fimmu.2022.1012534

injection of cancer cells
/ evaluation of tumor volumes
/ and survival
day -21 day 0 day 5 to day 50
B . D
EG7 monotherapies EG7 combined therapies
-+ PBS
1000 1000+ - PBS
-~ 14D5-dimHLE o~ 14D5-dimHLE + PBS
g a0 = ant-CD73-dimHLE s004 —+ 14D5-dimHLE + anti-CD73-dimHLE
£ e antf-PDLW-d'mHLE T —* 14D5-dimHLE + anti-PDL1-dimHLE
2 0o = ant-CD73/PDL1-HLE E ool = 14D5-dimHLE + anti-CD73/PDL1-HLE
] £
2 400 2 4004
I >
g . : * [ %
3 200 E 2004
o0 i
S 7 9 11131517 19 21 23 5 7 9 11 13 15 17 19 21 23
days post tumor inoculation days post tumor inoculation
C E
100 - PBS (317) 00 — PBS (317)
—— 14D5-dimHLE (2/6) —— 14D5-dimHLE + PBS (2/6)
= 80- = ant-CD73AMHLE (37) g | ~— 14D5-dimHLE + anti-CD73-dimHLE (3/7)
2 ~= anti-PDL1-dimHLE (6/7) 2 4y~ 14D5-diMHLE + anti-PDL1-dimHLE (7/7)
g —— anti-CD73/PDLI-HLE 67) & ~ 14D5-dimHLE + anti-CD73/PDL1-HLE (7/7)
@ 60 % 60+
- *% -
c c
o [
£ 40 £ 401
2 e
201 201
] 1 0 1

T T
0 20 40 60
days post tumor inoculation

FIGURE 5

0

T T
20 40 60

days post tumor inoculation

A bispecific biologic targeting both CD73 and PD-L1 more effectively inhibits the subcutaneous growth of EG7 melanoma cells in vivo than
monotherapies with P2X7-specific biologics. (A) Protocol used to evaluate the in vivo effect of nanobody-based biologics targeting P2X7, CD73,
and/or PD-L1. The AAVnano coding for the P2X7-potentiating 14D5-dimHLE, for the CD73-inhibiting anti-CD73-dimHLE, for the PD-L1
blocking anti-PDL1-dimHLE, or the bispecific biologic targeting both CD73 and PD-L1 (anti-CD73/PDL1-HLE), were injected i.m. 21 days before
s.c. injection of EG7 thymoma cells. These biologics were either evaluated alone (B, C), or in combination with the 14D5-dimHLE P2X7-
potentiating biologic (D, E). In that case, the AAVnano vectors coding for 14D5-dimHLE were injected i.m. into the gastrocnemius while the
AAVnano vectors coding for the additional biologics were injected i.m. into the quadriceps. Mean tumor volumes overtime (B, D) and survival (C,
E), were followed in the different group of mice (n=7), as indicated. The statistical comparisons between tumor volumes were performed using
two-way ANOVA, and the statistical analyses of survival were performed using Log-Rank tests. *p<0.05, **p<0.01.

HLE), in combination with the 14D5-dimHLE. For that, an
AAV1 vector coding for 14D5-dimHLE was injected in the
gastrocnemius while the AAVS8 vector coding for the second
biologic was injected in the quadriceps to induce concomitant
expression of two biologics at the same time. As in the previous
experiment, EG7 or B16F10 tumor cell lines were inoculated 3
weeks later (Figures 5A and 6A). In both tumor models, the anti-
CD73-dimHLE did not significantly synergize with the 14D5-
dimHLE biologic, neither on the control of tumor growth nor in
terms of mice survival (Figures 5D, E and 6D, E). In contrast,
tumor growth was better controlled and mice survival was
significantly improved in the groups that received anti-PDLI-
dimHLE, or anti-CD73/PDL1-HLE, in addition to the 14D5-
dimHLE biologic, suggesting at least that the beneficial effects of
anti-PDL1-dimHLE, and of anti-CD73/PDL1-HLE are
maintained in the presence of the P2X7-potentiating biologic.
However, as compared to the data obtained for each individual
construct, the results did not show a better anti-tumor effect in
combination with 14D5-dimHLE biologic. In fact, this was
difficult to evaluate in the less aggressive EG7 tumor model as
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both mono and combined therapy led to near complete tumor
rejection and survival of almost all the mice in these cohorts
(Figures 5B vs D, C vs E). However, when comparing the data in
the more aggressive BI6F10 melanoma model, the combined
therapy tended to be slightly less efficient than anti-PDLI-
dimHLE or anti-CD73/PDL1-HLE given alone (Figures 6B vs
D, C vs E). This would suggest that, by favoring the stimulation
of P2X7 on the surface of the tumor cells, the potentiating 14D5-
dimHLE in the long run displays a net effect that is rather in
favor of tumor progression than in favor of the anti-tumor
immune response. This may suggest that short term P2X7
potentiation, by means of direct injection of the recombinant
14D5-dimHLE biologic, may be better suited than its continuous
stimulation, to tip the balance in favor of the activation of the
immune system. However, this would have to be tested in future
experiments in a broader range of tumor types that express, or
not, P2X7. Nevertheless, from the present data, we concluded
that targeting both, CD73 and PD-L1, with bispecific nanobody-
based biologics represent a promising approach in
cancer treatment.
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A bispecific biologic targeting both CD73 and PD-L1 more effectively inhibits the subcutaneous growth of B16F10 melanoma cells in vivo than
monotherapies with P2X7-specific biologics (A) Protocol used to evaluate the in vivo effect of nanobody-based biologics targeting P2X7, CD73,
and/or PD-L1. The AAVnano coding for the P2X7-potentiating 14D5-dimHLE, for the CD73-inhibiting CD73-dimHLE, for the PD-L1 blocking
PDL1-dimHLE, or the bispecific CD73/PDL1-HLE, were injected i.m. 21 days before s.c. injection of B16F10 melanoma cells. These biologics
were either evaluated alone (B, C), or in combination with the 14D5-dimHLE P2X7-potentiating biologics (D, E). In that case, the AAVnano
vectors coding for 14D5-dimHLE were injected i.m. into the gastrocnemius while the AAVnano vectors coding for the additional biologics were
injected i.m. into quadriceps. Mean tumor volumes overtime (B, D) and survival (C, E), were followed in the different group of mice (n=7), as
indicated. The statistical comparisons between tumor volumes were performed using two-way ANOVA, and the statistical analyses of survival

were performed using Log-Rank tests. *p<0.05.

Discussion

The TME is a dynamic environment and the privileged site
where cancer cells are in close contact with the host. The
biochemical and cellular composition of the TME is of
paramount importance for the regulation of cancer cells
metabolism, proliferation, motility and dissemination. The
TME can facilitate anti-tumor immune responses but may
conversely foster the generation of an immunosuppressive
environment that facilitates tumor growth. The biochemical
composition of the TME is a result of the activity of the
cancer and host cells. Over the last few years, the abundance
of eATP was identified as a prominent TME characteristic (29,
55). Cell stress and cell death lead to loss of plasma membrane
integrity and represent important sources of eATP in the TME
(11). Hypoxia itself is a potent stimulus for ATP release, even in
the absence of cell damage. Various cells also release ATP, either
as part of their normal metabolism or when responding to
activation, metabolic or mechanical stress, or signals that
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induce cell death. This has been documented for numerous
cells, including cancer cells, dendritic cells, tumor-infiltrating
neutrophils, tumor-associated macrophages or platelets (29, 31,
32, 55). Once released in the TME, eATP binds to P2Y and P2X
receptors. Among the P2 receptors, the role of the P2X7 receptor
has been widely implicated in several types of cancer and
suggested to be involved in the complex dialog between cancer
and immune cells within the TME (31). The balance between
ATP release and its degradation by a variety of ecto-enzymes
determines the concentration of eATP and of its catabolites in
the TME. eATP is indeed catabolized to ADP and AMP, and
then to the immunosuppressive adenosine that exerts its effect
via the widely expressed P1 receptors. Generation of adenosine
from eATP is essentially controlled by the sequential activity of
CD39 and CD73. These ecto-enzymes are expressed by many
cell types in the TME, including cancer cells, cancer-associated
fibroblasts (CAFs), cytotoxic T cells, Tregs, NK cell subsets, M2-
like tumor associated macrophages (TAMs), or myeloid-derived
suppressor cells (MDSCs) (29). Accumulation of adenosine in
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the TME exert a potent immunosuppressive function, notably
through the inhibitory A2a adenosine receptors expressed by T
cells that restraint their activation and expansion in the
adenosine riche TME (36-38). Preclinical and clinical studies
have further highlight the potential offered by therapeutic
strategies aiming to inhibit adenosine signaling in cancer, and
the “purinergic signature” that favor their application (39-42).
In this study, we used the AAVnano method approach (43,
44) to evaluate the anti-tumor potential of several nanobody-
based biologics in different tumor models. Nanobodies, as for
classical antibodies, offer excellent target specificity that may
prevent unwanted off-target effects possibly observed with small
chemical drugs. We selected nanobodies that specifically bind
mouse P2X7 and but not the close P2X4 and P2X1 paralogs (9,
45). We chose to express our nanobody-based biologics directly
in vivo upon AAV vector-mediated gene transfer. AAV vectors
are widely used in gene therapy settings and represent an
efficient and safe approach to transfer genes of interest into
muscle cells and to elicit long-term systemic in situ production
of transgenic proteins, including selected antibodies that confer
protection from infectious diseases (56, 57). In our experimental
approach, we previously demonstrated that a single i.m.
administration of the AAVnano vector (10'" vg/mouse) coding
for our engineered nanobody-based biologics was sufficient to
elicit in vivo production of saturating levels of biologics that
persist for several months. We validated here, prior to the tumor
inoculation, that the blocking or the potentiating P2X7-specific
biologics were produced in vivo and were able to completely
block P2X7 (i.e., for the 13A7-hcAb biologic) or to potentiate its
activity notably at low ATP concentration, (i.e., for the 14D5-
dimHLE construct) (Figure 1, and data not shown). As a
hallmark associated with P2X7 receptor activation, we used a
sensitive ex vivo assay based on metalloprotease-dependent
shedding of CD27 and CD62L from the T cell surface (5, 20-
23). Our data demonstrate that a single i.m. injection of
AAVnano coding for the P2X7-antagonistic 13A7-hcAb
protects T cells from ATP-induced CD27 and CD62L
shedding (Figures 1C-E) while the AAVnano coding for the
P2X7-potentiating 14D5-dimHLE sensitized T cells to ATP-
induced shedding of CD27 and CD62L (Figures 1C-E). We next
used our AAVnano methodological approach to evaluate the net
consequence of either blocking, or potentiating, P2X7 in
different tumor models. The tumor models were selected for
their differential levels of P2X7 surface expression, ranging from
very low, in the lung carcinoma model LLC, intermediate in the
B16F10 melanoma model, to relatively high expression in the
EG7 thymoma model (Figure 2A). As P2X7 tonic stimulation in
the context of the ATP-rich TME has been associated with
tumor growth and invasiveness, it appeared indeed to be an
important factor to consider in our study. Importantly, none of
these cancer cell lines is rapidly going into cell death by
concentrations of ATP below the millimolar range, while this
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is the case for mouse T cells (not shown). This indicates, as
suggested by different studies, that the P2X7 receptor in cancer
cells does not behave as a cytolytic receptor. This may be
explained by the expression of particular splice variants, or
mutated versions of the receptor, that remain to be
characterized in our tumor lines. However, this was studied in
a wide variety of human cancer cells, where P2X7 variants that
have lost their cytolytic properties but have retained the capacity
to trigger calcium influx in response to ATP (31, 58-62).
Therefore, blocking P2X7 is expected to inhibit tonic tumor
cells stimulation and tumor progression. Our results are in
complete agreement with this hypothesis. We demonstrate
that blocking P2X7 in the LLC lung carcinoma model had no
effect on the tumor progression and mice survival, in line with
the very low surface expression of P2X7 in this tumor line
(Figures 2A, C, D). For the two other tumor models, our data
point to a gradation of the beneficial effect of the 13A7-hcAb
biologic, in direct relation with the surface expression of P2X7 in
each of these tumor models. Indeed, the P2X7-blocking 13A7-
hcAb biologic more potently inhibits tumor growth in the EG7
tumor model, which displays the highest P2X7 surface level,
than in the BI6F10 model that expresses an intermediate level of
P2X7 (Figures 2A, C, E, F). Taken together, these results suggest
that inhibition of P2X7 significantly reduces tumor growth and
improves survival, when P2X7 is expressed at the surface of the
tumor cells.

To better understand the biological effects of the nanobody-
based biologics targeting P2X7 on the composition of the TME,
we next studied the frequency and the phenotype of the cells
present in the tumor infiltrates. For that, we resected the tumor
and analyzed the cell profiles by flow cytometry. We observed
that the nanobody-based biologic 14D5-dimHLE, that was
paradoxically not associated with any beneficial effect on tumor
growth nor on mice survival, significantly alters the composition
of the lymphoid compartment in the TME as compared to
control mice (Figures 3B, C). Notably, the 14D5-dimHLE
biologic was found to increase the proportion of CD8" T cells,
which may indicate the stimulation of tumor-specific T cells
(Figure 3C). This treatment was also associated with a decrease in
the expression of the exhaustion marker TIGIT, and of CD39 and
CD73, two ecto-enzymes considered as targetable purinergic
checkpoints (32-35). This suggests that P2X7 potentiation by
the 14D5-dimHLE biologic contributes to the induction of a
more favorable TME, which possibly is less immunosuppressive,
but that this treatment alone is not sufficient for the emergence of
a potent and effective anti-tumor immune response. As this result
has been obtained in the B16F10 melanoma model expressing
intermediate levels of P2X7, higher tonic stimulation of P2X7 at
the surface of the tumor cells, facilitated by the 14D5-dimHLE
biologic, probably also contributed to the global effect of this
biologic in vivo. This may be addressed in future studies using for
instance a B16F10 melanoma model deficient for P2X7
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expression, to better delineate the potential beneficial effect of
P2X7 stimulation on immune cells, from its detrimental effect on
the tumor cells themselves.

As the 14D5-dimHLE biologic does not promote beneficial
effects when used alone, we next evaluated whether potentiation of
P2X7 can enhance anti-tumor immune responses when combined
with immunogenic oxaliplatin chemotherapy, that may increase
the release of ATP in the tumor, or with anti-immune checkpoints
therapy, or antagonism of CD73 involved in the formation of the
immunosuppressive adenosine. We first evaluated the combination
therapy based on a single injection of oxaliplatin in animals that
have been injected beforehand with AAVnano vectors coding for
the 14D5-dimHLE biologic (Figure 4A). We observed that this
combination resulted in a significant decrease in EG7 tumor growth
(Figure 4B), associated with an increase in tumor-specific cellular
and humoral immune responses (Figures 4C-D). These data
suggest that P2X7 potentiation in the context of an immunogenic
chemotherapy reinforce the immune responses. The mechanism
may involve stimulation and migration of dendritic cells, as well as
Treg cell death, which both involve P2X7 and can contribute
together to the emergence of effective adaptive anti-tumor
immune responses (4, 26, 28, 29).

We then evaluated the 14D5-dimHLE P2X7-potentiating
biologic in combination with a nanobody-based biologics
targeting CD73, another important purinergic checkpoint, or
PD-L1, a prototypic immune checkpoint. Another construct was
designed to target both CD73 and PD-L1 at the same time using a
bispecific nanobody-based biologic. We evaluated theses biologics
as monotherapy and in combination with 14D5-dimHLE in the
EG7 thymoma model and in the less immunogenic B16F10
melanoma model considered to be more aggressive. We did not
observe any beneficial effect of these treatments when combined
with 14D5-dimHLE, as compared to their evaluation as
monotherapy (Figures 5 and 6). In fact, it was not possible to
faithfully evaluate the possible beneficial effect of the combination
involving anti-PDL1-dimHLE or anti-CD73/PDLI1-HLE biologics
as both treatments were already very effective alone to induce tumor
control. Nevertheless, the treatment based on anti-CD73-dimHLE
and 14D5-dimHLE, either as monotherapy, or combined, was not
effective to control tumor growth nor to improve mice survival.
This may at least partly reflect the P2X7-dependant trophic
stimulation of EG7 and B16F10 cancer cells. Blocking CD73 may
indeed increase the accumulation of ATP in the TME and 14D5-
dimHLE may further enhance P2X7 activity at the surface of these
cancer cells, tipping the balance in favor of tumor growth. Whether
this is a plausible explanation may deserve further investigations,
involving for instance the assessment of eATP concentration in the
TME and its evolution upon treatment with these biologics.

In the course of our evaluations, we tested for the first time a
bispecific biologic targeting CD73 and PD-L1, that we termed
anti-CD73/PDL1-HLE. Here, we aimed to combine a nanobody
targeting the prototypical PD-L1 immune checkpoint with a
nanobody targeting CD73 that is considered as an emerging
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targetable purinergic checkpoint. This anti-CD73/PDL1-HLE
biologic improved the control of tumor growth in the aggressive
B16F10 melanoma model, or even induced complete tumor
rejection in the EG7 model, as well as improved mice survival
in both tumor models (Figures 5B, C and 6B, C). Interestingly, in
both tumor models, this novel bispecific biologic also tended to be
more efficient than the anti-PDL1-dimHLE biologic, in terms of
reduction of tumor growth as well as in terms of mice survival.
The mechanism remains to be fully explored, but possibly rely on
the inhibition of two complementary non-redundant
mechanisms that contribute together to the progressive
formation of the immunosuppressive TME. In line, previous
studies demonstrated that antibodies directed against CD73
enhance antitumor immune responses, when used in
combination with anti-immune checkpoints (34, 35, 63). Also,
as both CD73 and PD-L1 are overexpressed in the TME, this
bispecific biologic may advantageously accumulate around the
tumor to exert its beneficial effect but this remains to be fully
investigated. We conclude, however, from our present data that
targeting both, CD73 and PD-L1, with bispecific nanobody-based
biologics represents a promising approach in cancer treatment.
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CD38-specific nanobodies
allow in vivo imaging of
multiple myeloma under
daratumumab therapy

Luca Julius Pape™?, Julia Hambach™?,

Anna Josephine Gebhardt'?, Bjérn Rissiek®, Tobias Stahler?,
Natalie Tode?, Cerusch Khan'?, Katja Weisel®,

Gerhard Adam?, Friedrich Koch-Nolte® and Peter Bannas™'

*Department of Diagnostic and Interventional Radiology and Nuclear Medicine, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany, ?Institute of Immunology, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany, *Department of Neurology, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany, “Department of Oncology, Hematology and Bone Marrow
Transplantation, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Rationale: Recent studies have demonstrated the feasibility of CD38-specific
antibody constructs for in vivo imaging of multiple myeloma. However, detecting
multiple myeloma in daratumumab-pretreated patients remains difficult due to
overlapping binding epitopes of the CD38-specific imaging antibody constructs
and daratumumab. Therefore, the development of an alternative antibody
construct targeting an epitope of CD38 distinct from that of daratumumab is
needed. We report the generation of a fluorochrome-conjugated nanobody
recognizing such an epitope of CD38 to detect myeloma cells under
daratumumab therapy in vitro, ex vivo, and in vivo.

Methods: We conjugated the CD38-specific nanobody JK36 to the near-
infrared fluorescent dye Alexa Fluor 680. The capacity of JK36"78° to bind
and detect CD38-expressing cells pretreated with daratumumab was evaluated
on CD38-expressing tumor cell lines in vitro, on primary myeloma cells from
human bone marrow biopsies ex vivo, and in a mouse tumor model in vivo.

Results: Fluorochrome-labeled nanobody JK3647%8° showed specific binding

to CD38-expressing myeloma cells pretreated with daratumumab in vitro and
ex vivo and allowed for specific imaging of CD38-expressing xenografts in
daratumumab-pretreated mice in vivo.

Conclusions: Our study demonstrates that a nanobody recognizing a distinct,
non-overlapping epitope of CD38 allows the specific detection of myeloma
cells under daratumumab therapy in vitro, ex vivo, and in vivo.

KEYWORDS

CD38, daratumumab, multiple myeloma, nanobody, fluorescence imaging,
flow cytometry
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Introduction

CD38 is a major target for the therapy of multiple myeloma
(MM). Daratumumab is a CD38-specific monoclonal antibody
with high efficacy as monotherapy or combination therapy for
relapsed and newly diagnosed multiple myeloma (1-4).
Daratumumab therapy has been integrated into international
treatment guidelines and has become the standard of care (5).
Reliable and accurate assessment of treatment response is
needed even in the presence of therapeutic daratumumab
plasma levels. Unfortunately, this presents a diagnostic
challenge since daratumumab interferes both with flow
cytometry (6-9) as well as with free light chain assays (10) and
serum immunofixation electrophoresis (11).

Myeloma manifestations can alternatively be detected in vivo
by cross-sectional imaging techniques such as whole-body
computed tomography, magnetic resonance imaging (12), and
'8 E-FDG-positron emission tomography (PET) (13-15). These
imaging techniques detect medullary and extramedullary
myeloma lesions with high sensitivity (16). However, these
techniques do not allow monitoring of CD38 expression or
prediction of susceptibility to daratumumab treatment since
they are not antigen-specific to CD38.

Immuno-positron emission tomography using radiolabeled
CD38-specific antibodies overcomes this challenge, thereby
enabling the detection and visualization of CD38-expressing
myeloma cells in vivo (17-20). Unfortunately, detecting
multiple myeloma in daratumumab-pretreated patients
remains difficult due to overlapping binding epitopes of
currently available CD38-specific imaging antibody constructs
and daratumumab. Therefore, the development of alternative

JK36 JK36-hcAb  daratumumab

1.4+15 kDa 75 kDa 150 kDa
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antibody constructs targeting a different epitope of CD38
is needed.

Nanobodies are single variable immunoglobulin domains
derived from camelid heavy-chain antibodies (21). CD38-
specific nanobodies can be used either for the treatment of
multiple myeloma by generation of nanobody-based heavy-
chain antibodies (hcAbs) (22-26), nanobody-based CARs (27),
and nanobody-based BiKEs (28), or for in vivo imaging of
multiple myeloma (29). Their small molecular size
(Figures 1A, B), low immunogenicity, and ease of formatting
make them ideally suited for in vivo imaging purposes (21,
30-33).

The aim of our study was to generate a fluorochrome-
conjugated nanobody recognizing an epitope of CD38 distinct
from that of daratumumab to detect tumor cells under
daratumumab therapy in vitro, ex vivo, and in vivo.

Materials and methods
Cell lines

Three human multiple myeloma cell lines (LP-1, U266,
RPMI-8226), two human Burkitt lymphoma cell lines (Daudi
and CA-46), and a murine B cell lymphoma cell line (YAC-1)
were obtained from the German Collection of Microorganisms
and Cell Culture (DSMZ, Braunschweig, Germany). Human cell
lines were chosen due to their uniform expression of CD38.
Stable expression of Photinus pyralis luciferase (Promega,
Madison, WI, USA) in Daudi luc, CA-46 luc, YAC-1 luc, and
LP-1 luc cell lines was achieved by lentiviral transduction as

—150 kDa

=66 kDa

“ —25kDa
—14 kDa
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Structure, binding sites, and purity of JK36*7%8% nanobody, JK36 heavy chain antibody, and daratumumab. (A) Comparison of different antibody
constructs targeting CD38. The framework of single-domain antibody (nanobody) JK36 is indicated in blue with the CDR-regions indicated in
red. Heavy-chain antibody JK36-hcAb consists of two heavy chains each containing nanobody JK36 fused to the hinge (black), CH2, and CH3
domains (yellow) of human IgGl. The conventional human IgGl mAb daratumumab is also indicated in black and yellow. The hydrophobic
interface between the two variable domains of daratumumab is replaced by a corresponding hydrophilic region in JK36, accounting for the
excellent solubility of this VHH domain in absence of a light chain. (B) Daratumumab (epitope E1) and JK36”7%€° (epitope E3) recognize two
distinct, non-overlapping epitopes (E1 and E3) of CD38. Epitope 2 (E2) is recognized by nanobody JK2 (not shown) and was used in our study
for control staining of CD38. (C) 1 ug of purified JK36"7%8° JK36-hcAb, and daratumumab were size-fractionated by SDS-PAGE and visualized
by Coomassie staining. Superimposed fluorescent signals (yellow) were recorded using a near-infrared fluorescence in vivo imaging system.
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described previously (25, 34). YAC-1 luc cells were stably
transfected with human CD38 using the expression vector
pEF-DEST51 (29), yielding YAC-1 CD38+ cells. Untransfected
YAC-1 cells served as negative controls.

Production and labeling of
antibody constructs

Human CD38-specific nanobody JK36 was generated from
an immunized llama as described previously (29, 35). His/myc-
tagged nanobody JK36 was produced in HEK293-6E cells and
purified from supernatants using immobilized metal affinity
chromatography (29). Nanobody JK36 was labeled with the
fluorescent dye Alexa Fluor 680 (JK362F080) according to the
manufacturer’s instructions using succinimidyl esters
(Invitrogen, Karlsbad, CA, USA).

Heavy chain antibodies (hcAbs) JK36-hcAb and isotype
control L-15-hcAb were generated by subcloning the coding
region of nanobody JK36 and isotype control nanobody L-15
upstream of the coding region for the hinge, CH2, and CH3
domains of human IgGl1 in the pCSE2.5 vector (kindly provided
by Thomas Schirrmann, University of Braunschweig,
Braunschweig, Germany) (24). HcAbs were produced in
HEK293-6E cells and purified from supernatants by affinity
chromatography using protein A sepharose (36, 37).
Daratumumab (Darzalex) was purchased from Janssen-Cilag,
Neuss, Germany.

The purity of antibody constructs was assessed by SDS-
PAGE and InstantBlue' " Coomassie staining. Alexa Fluor 680-
labeling of nanobody JK36 was controlled by imaging
fluorescence levels using the IVIS-200 in vivo imaging device
(PerkinElmer, Waltham, MA, USA).

Monoclonal antibody HIT2P"“*’<>* yas purchased from
Becton Dickinson, Franklin Lakes, NJ, USA (25).

Flow cytometry

For CD38-expression analyses, CD38-positive cells and
CD38-negative control cells were incubated with JK36*"%
(0,2 pl in 100 ul PBS/BSA) at 4 °C for 30 min. Cells were
washed twice and analyzed using a FACS Canto II flow
cytometer and FlowJo software (Becton Dickinson, Franklin
Lakes, NJ, USA).

CD38 pretreatment (i.e., cross-blockade) analyses were
performed by pre-incubating cells with an excess (200 nM) of
daratumumab or JK36-hcAb at 4 °C for 30 min. Cells were then
incubated with nanobody JK36"T%80 (1:500 in PBS/BSA) to

detect unblocked epitopes using flow cytometry.
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Biolayer interferometry

The extracellular domain of human CD38 (aa 46-300) was
produced, purified, and biotinylated as described previously (22,
28). Biolayer interferometry analysis was performed at 20°C in
kinetic buffer (PBS containing 1% bovine serum albumin, and
0.005% (v/v) polysorbate 80 (Tween 80, Sigma-Aldrich, St.
Louis, MO, USA)). For individual antibodies, concentrations
of 500 nM per antibody were used while antibody combinations
were analyzed at a concentration of 250 nM per antibody to
allow for complete saturation of CD38. Biolayer interferometry
measurements were carried out using a BLItz system (FortéBio,
Fremont, CA, USA).

Streptavidin-coated biosensors were placed in wells
containing only kinetic buffer for 30 seconds to establish a
baseline signal. Sensors were then transferred to wells
containing the biotinylated extracellular domain of human
CD38 for 90 seconds to allow for association of CD38 to the
sensor. This was followed by 30 seconds of dissociation in kinetic
buffer. CD38-coated sensors were subsequently dipped into wells
containing the blocking antibody daratumumab for 90 seconds
to saturate epitope El. Sensors were then moved to wells
containing both the blocking antibody daratumumab and a
second antibody (daratumumab, JK36-hcAb, or L-15-hcAb)
for 90 seconds. This permitted assessment of binding of the
second antibody to CD38 in the presence of the blocking
antibody as opposed to solely evaluating binding to CD38.
This protocol considers any possible inhibitory effects that
excess unbound daratumumab might have on secondary
antibody binding. A final washing step in kinetic buffer was
performed for 90 seconds to monitor the dissociation of CD38-
bound antibodies. The resulting dataset was plotted using
GraphPad Prism 9.3.1 (GraphPad Software, CA, USA).

Fluorescence microscopy

YAC-1 CD38+ cells were incubated with an excess of
daratumumab (3 pg/100 pl), JK36-hcAb (3 ug/100 ul), or no
blocking agent at 4 °C for 20 min. Cells were washed once with
PBS/0,02% BSA. Cells were then resuspended in 100 pl PBS/BSA
containing JK36**® at a dilution of 1:500 and diamidino-
phenylindole (DAPI) at a dilution of 1:5000 (v/v) and
incubated at 4 °C for 20 min to stain CD38 and nuclei,
respectively. Stained cells were washed twice before
resuspension in 100 pl of PBS/BSA. Twenty ul of each sample
was subsequently placed on a glass microscopy slide without
addition of a fixative agent. Cell samples were then captured
using a Zeiss Axio Observer microscope with a 40x EC Plan-
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Apochromat Oil lens. Microscopic images were analyzed using
ZEN Pro 3.4 software (Zeiss, Oberkochen, Germany) and
Affinity Designer 1.10.5 (Serif, Nottingham, UK).

Flow cytometric analysis of primary
human bone marrow samples

Aspiration of fresh bone marrow was approved by
the Institutional Review Board (PV5505). Fresh bone marrow
aspirates were collected from nine newly diagnosed, untreated
multiple myeloma patients. Ficoll-Paque density gradient
centrifugation (Sigma-Aldrich, St. Louis, MO, USA) was carried
out to isolate bone marrow mononuclear cells (BM-MNCs).
Remaining erythrocytes were depleted by resuspending
the resulting cell pellet in red cell lysis buffer (NH4Cl +
KHCO3 + EDTA).

BM-MNCs were stained using PacO and a panel of
fluorochrome-labeled antibodies targeting CD19, CD38, CD39,
CD45, CD55, CD56, CD59, CD138, CD229, CD319 and
analyzed by flow cytometry to determine the degree of bone
marrow infiltration with malignant plasma cells (27). Multiple
myeloma cells were identified by high expression of CD38.

Blocking assays were carried out by incubating BM-MNCs
without (positive control) or with 100 nM of daratumumab or
JK36-hcAb in PBS/BSA at 4 °C for 30 min. After one washing

627080 was added for another

step, detection nanobody JK3
30 min. Mean fluorescence intensities (MFI) of bound
nanobody JK36"°%° were assessed by flow cytometry. Relative
fluorescence intensities (%) of multiple myeloma cells labeled

with nanobody JK36*"* were calculated as follows:

relative fluorescence intensity gy %]

MEFI (AF680) g
MFI (AF680)positive control

x100 %

Significant differences in relative fluorescence intensities
were calculated by using one-way ANOVA (GraphPad
Prism 9.3.1).

In vivo and ex vivo imaging

Animal experiments were approved by the local animal
welfare commission (N069/2018). Six-week-old female NMRI
Foxnlnu mice were acquired from Charles River (Charles River
Laboratories, Sulzfeld, Germany) and kept in their cages for two
weeks. Eight-week-old mice were kept on an alfalfa-free diet for
one week prior to in vivo imaging experiments to reduce
autofluorescence of the intestine (38).

Tumors were generated by subcutaneously injecting mice
with 1x10” CD38-negative YAC-1 cells on the left shoulder and
5x10° CD38-positive YAC-1 cells on the right shoulder in 0.2 ul
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of 50% RPMI and 50% Matrigel (Becton Dickinson, Franklin
Lakes, NJ, USA). This established murine lymphoma model (29)
was chosen because the reliable subcutaneous growth of YAC-1
cells allows for intraindividual comparison of antigen-positive
and antigen-negative tumors using near-infrared fluorescence
imaging. This would not have been feasible using a disseminated
human myeloma model. Numbers of injected cells were adjusted
to account for the slightly slower growth rate of CD38-negative
vs. CD38-positive YAC-1 cells. Tumor locations at shoulder
level were chosen to maximize the distance to the kidneys and
liver, which had shown high fluorescence signals in previous
studies (29, 33). After six days, mice (total, n=30) were
intravenously injected with either 100 pl of isotonic saline
containing 500 pg of daratumumab (n=10 mice) (Janssen
Biotech, Horsham, PA, USA), 250 ug of JK36-hcAb (n=10
mice), or no blocking agent (n=10 mice). After 24 hours, mice
were intravenously injected with 50 pg of JK36""%°,

In vivo near-infrared fluorescence imaging was performed
under isoflurane anesthesia before and 2, 4, 6, 12, and 24 hours
after injection of JK36*"** using a small animal imaging system
(IVIS-200, PerkinElmer, Waltham, MA, USA) (29). After
qualitative imaging in vivo, quantitative off-line analyses were
performed by placing ROIs around CD38-positive tumors,
CD38-negative tumors (negative control), and the hind limb
(background signal). Total radiant efficiency was determined
with Living Image 4.2 software (PerkinElmer) and the
background value was subtracted. Tumor-to-background ratios
were calculated by dividing the tumor uptake value by the
background value. Radiant efficiencies and tumor-to-
background ratios were compared between treatment groups
using a mixed-effect analysis with Tukey’s multiple comparison
test (GraphPad Prism 9.3.1).

For ex vivo validation of in vivo measurements, three mice
from each treatment group were sacrificed six hours after
injection. Tumors and organs (muscle, spleen, lungs, liver,
kidneys, stomach, intestine) were dissected and imaged ex vivo
with the IVIS-200 system.

Ex vivo flow cytometric analyses of cells
from explanted subcutaneous tumors

Single cell suspensions from explanted and dissected CD38-
positive and CD38-negative tumors were generated by passage
through a cell strainer with a pore size of 70 um (Corning Life
Sciences, Corning, NY, USA).

Cell surface levels of CD38 on resuspended tumor cells were
determined using hcAb JK2 rabbit IgG, which binds a third
epitope of CD38 distinct from that of both daratumumab and
JK36-hcAb. Bound JK2-hcAb was detected with a rabbit IgG-
specific, R-phycoerythrin-conjugated secondary antibody (Cat.-
No. 711-116-152, Jackson ImmunoResearch, Ely, UK) (29).
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Quantification of in vivo injected and tumor-bound blocking
antibodies daratumumab and JK36-hcAb was performed by
labeling resuspended tumor cells with an R-phycoerythrin-
conjugated human IgG-specific secondary antibody (Cat.-No.
709-116-149, Jackson ImmunoResearch). Mean fluorescence
intensities were obtained by flow cytometry to determine and
compare binding (i.e. blocking efficiencies) of daratumumab and
JK36-hcAb.

Quantification of in vivo injected and tumor-bound imaging
nanobody JK36%*° was performed by flow cytometric analysis
of resuspended tumor cells. Mean fluorescence intensities of
CD38-labeling efficiencies with JK36*7** were compared
between groups of mice pre-treated with either daratumumab,
JK36-hcAb, or saline.

To determine the maximum achievable labeling efficiency of
CD38 with JK36""%, cells were labeled ex vivo with saturating
doses (100 nM) of JK36"°%,

CD38-positive and CD38-negative YAC-1 luc cells from cell
culture were incubated as described above and served

as controls.

Results

Purity of nanobody JK36, JK36-hcAb, and daratumumab
was confirmed by SDS-PAGE analyses. Successful labeling of
purified nanobody JK36 with Alexa Fluor 680 (JK362T%%%) was
verified by imaging of the SDS-PAGE gel with the in vivo
imaging system (Figure 1C).

Simultaneous binding of nanobody JK36
and daratumumab to purified CD38

Biolayer interferometry was used to determine whether
nanobody JK36 and daratumumab bind simultaneously to
CD38. After binding of biotinylated CD38 to a streptavidin-
coated sensor, blocking antibody daratumumab and secondary
antibodies (JK36-hcAb, daratumumab, or isotype control L-15-
hcAb) were added sequentially (Figure 2).

The results show an increase in signal intensities upon the
addition of the blocking antibody daratumumab. After adding
the secondary antibody JK36-hcAb, a strong increase in signal
intensity was observed, indicating simultaneous binding of
daratumumab and JK36-hcAb. In contrast, adding
daratumumab as a secondary antibody did not lead to further
signal increase, indicating saturated binding of daratumumab as
the primary antibody to CD38. Isotype control L-15-hcAb also
did not lead to a signal increase, indicating specific binding of
JK36-hcAb to CD38.

These results demonstrate that nanobody JK36 and
daratumumab bind independently and simultaneously to CD38.
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Specific binding of nanobody JK364768°

to daratumumab-pretreated myeloma
cells in vitro and ex vivo

AF680
to daratumumab-

In vitro binding of nanobody JK36
pretreated cells was assessed using five human (LP-1, U266,
RPMI-8226, CA46, Daudi) lymphoma cell lines, and one murine
lymphoma cell line transfected with human CD38 (YAC-1
CD38+) (Figure 3A). CD38-specific monoclonal antibody
HIT2P" P53 was used as control. Cells were incubated
without or with saturating doses of daratumumab and then
stained with nanobody JK36*™*® or monoclonal antibody
HIT2P"HSY55 followed by flow cytometry.

The results show that both nanobody JK36*'*** and
monoclonal antibody HIT2P"*<*% bound to all six CD38-
expressing cell lines. Pretreatment with daratumumab almost
completely blocked binding of HIT2""*"<*3  indicating that
daratumumab and HIT2 bind to overlapping epitopes on CD38.
Pretreatment with daratumumab did not block binding of
JK367%%%, confirming independent binding of nanobody JK36
and daratumumab. Pretreatment of cells with heavy chain
antibody JK36-hcAb completely blocked the binding of nanobody
JK36*7%, confirming specific binding to human CD38.

AF680

Ex vivo binding of nanobody JK36 to daratumumab-

pretreated primary myeloma cells was assessed using cell

CD38 dara 2ndab
association binding binding

— dara > JK36-hcAb
dara > dara

dara > L-15-hcAb
washing in buffer

BLI signal [nm]

I | 1
200 300 400
time [s]

1
0 100

FIGURE 2

Biolayer interferometry sensograms demonstrating simultaneous
binding of nanobody-based JK36-hcAb and daratumumab to
purified CD38. Streptavidin-coated biosensors were used to
capture the biotinylated extracellular domain of CD38. Sensors
were then dipped into wells containing daratumumab in excess
before being transferred to wells containing both daratumumab
and secondary antibodies at the indicated time points. An
increase in signal indicates binding to the sensor. Dissociation
was allowed by washing in buffer and is indicated in grey.
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FIGURE 3

JK36-hcAb > JK36AF680
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Specific binding of nanobody JK36%F8° to daratumumab-pretreated myeloma cells in vitro and ex vivo. (A) FACS analyses of CD38+ CA-46,
Daudi, LP-1, U266, RPMI-8226, and YAC-1 CD38+ cells. Cells were saturated with daratumumab before detection of CD38 with the CD38-
specific diagnostic antibody HIT2PSrCP/<¥>> (left) or the CD38-specific nanobody JK36*76€C (right). Cells saturated with JK36-hcAb served as
negative controls since previous experiments had shown complete blocking of both JK364768% and HIT2Pe"“™<Y55 pinding after incubation with
JK36-hcAb. Untreated cells were used as positive controls and indicate CD38 expression of the cell line. (B) Bone marrow aspirates of human
multiple myeloma patients were pre-incubated without (open rectangles, positive control) or with saturating doses of daratumumab (black
circles) or JK36-hcAb (open triangles, negative control). CD38 was then labeled using JK36"7680 and cells were analyzed by flow cytometry for
comparison of epitope blocking by daratumumab and JK36-hcAb. Signal intensities were compared using one-way ANOVA with Tukey's
multiple comparisons test (****= p<0.0001, ***=p<0.001). Depicted are means + SD. Results are representative of nine independent
experiments. (C) Fluorescence microscopy analyses of YAC-1 CD38+ cells. Cells were incubated with PBS/BSA (left panel), daratumumab
(middle panel), or JK36-hcAb (right panel) before the addition of JK36"7°%°. DAPI was used to stain nuclei. Results are representative of three

independent experiments

suspensions from human bone marrow biopsies from patients
with multiple myeloma (Figure 3B). The results confirmed
specific labeling of daratumumab-pretreated primary myeloma
cells with nanobody JK36F%, Again, pretreatment of cells with
heavy chain antibody JK36-hcAb completely blocked the
binding of nanobody JK36"7¢%,

Fluorescence microscopy of JK36*"*-labeled YAC-1 CD38
+ cells revealed prominent staining of the cell surface
(Figure 3C). Pretreatment with daratumumab did not affect
cell surface labeling with ]K36AF680, while pretreatment with
JK36-hcAb completely blocked binding of JK36"",

These results demonstrate that nanobody JK36*"* can be
used for the specific detection of daratumumab-pretreated
CD38-expressing cells in vitro and ex vivo and therefore
warrants further evaluation for imaging of CD38-expressing
tumors in vivo.

Frontiers in Immunology

75

Nanobody JK36%7¢8° allows specific
imaging of daratumumab-pretreated
CD38-positive tumors in vivo

AF680 were

In vivo imaging experiments using nanobody JK36
performed in mice carrying tumors derived from
subcutaneously injected YAC-1 cells. All mice were bearing
two subcutaneous tumors for comparative analyses of in vivo
imaging signals: one CD38-positive tumor on the right shoulder
and one CD38-negative control tumor on the left shoulder. In
vivo near-infrared fluorescence imaging with nanobody
JK36™*%° was performed in mice pretreated for 24 hours with
either isotonic saline (positive control), daratumumab, or JK36-
hcAb (negative or specificity control) (Figure 4).

The results demonstrate specific binding of nanobody
JK36™%5 to CD38-positive tumors in both saline-pretreated
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and daratumumab-pretreated mice as early as two hours after
injection. Pretreatment of mice with JK36-hcAb resulted in a
strong reduction in imaging signals from CD38-positive tumors,
confirming specific binding of JK36*"* to CD38 in vivo.

At early time points after injection of JK36"", strong signals
were also observed in the kidneys in all animals, reflecting passage
of nanobody JK36 through the renal filtration barrier.
Additionally, CD38-negative tumors showed signal intensities
slightly above background signals at early time points, likely
reflecting perfusion of tumors with blood containing unbound
JK36"%, The unspecific signal from CD38-negative tumors and
kidneys decreased over time, while signal intensities remained
high in the CD38-positive tumors for six hours, confirming
specific binding of JK36*™" only to tumors expressing CD38.

ROI analyses confirmed a rapidly increasing signal in CD38-
positive tumors and little if any signal in CD38-negative tumors and
background tissue (Figure 5A). At all time points, there was no

4h

no block > JK36AF680

dara > JK36AF680

JK36-hcAb > JK36AFE80

a &

FIGURE 4

10.3389/fimmu.2022.1010270

statistically significant difference in signal intensities of CD38-
positive tumors between saline-pretreated and daratumumab-
pretreated mice. Pretreatment with JK36-hcAb resulted in a
significant decrease in CD38-positive tumor signal intensities.
Calculation of tumor-to-background ratios (T/B-ratio)
confirmed a rapidly increasing T/B-ratio of CD38-positive

tumors after injection of JK36*7%

in both saline-pretreated
and daratumumab-pretreated mice (Figure 5B). The T/B-ratio of
CD38-positive tumors reached a maximum of 3.12 + 1.43 after
six hours in saline pretreated animals, compared to 2.54 + 1.04 in
daratumumab-pretreated animals (p=0.5049). Also, there was
no statistically significant difference in T/B-ratios of CD38-
positive tumors between saline-pretreated and daratumumab-
pretreated mice at all other time points. CD38-negative tumors
revealed significantly lower T/B-ratios when compared to CD38-
positive tumors in all three treatment groups, again confirming
specific binding of nanobody JK36*"* to human CD38.

6h 12h 24h

4.1e8

avg. radiant efficiency [p/s/cm?/sr] / [uW/cm?]

Specific in vivo imaging of subcutaneous CD38+ tumors using nanobody JK36%7%%% in saline-, daratumumab-, and JK36-hcAb-pretreated mice.
All mice were analyzed six days after subcutaneous injection of CD38-positive YAC-1 cells on the right shoulder (+) and CD38-negative YAC-1
cells on the left shoulder (-). Prior to imaging, mice were pretreated for 24 hours with either isotonic saline (n=10, positive control, top row),
daratumumab (n=10, middle row), or JK36-hcAb (n=10, specificity control, bottom row). Near-infrared fluorescence in vivo imaging was
performed before (Oh) and at the indicated time points after the injection of 50 g of nanobody JK36%78°. Signal intensities of all injected mice
and imaging time points are all equally leveled to allow direct and fair visual comparison.
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Average radiant efficiencies and tumor-to-background ratios of CD38-positive and CD38-negative tumors in vivo. Mice were pretreated for 24
hours with either isotonic saline (n=10, positive control, open rectangles), daratumumab (n=10, black circles), or JK36-hcAb (n=10, specificity
control, open triangles). Near-infrared fluorescence in vivo imaging was performed before and at the indicated time points after injection of
nanobody JK36"7%8° (A) Average radiant efficiencies were determined from circular regions of interest (ROIls) drawn around CD38-positive and
CD38-negative tumors. Signal intensities were corrected for background signal. (B) Tumor-to-background ratios were obtained by dividing
tumor signals by background signals obtained from ROIs drawn around normal tissue (hind leg). At all time points, there was no statistically
significant difference in signal intensities and T/B-ratios of CD38-positive tumors between saline-pretreated and daratumumab-pretreated mice,

as indicated by overlapping 95%-confidence intervals.

Ex vivo analyses of cells from
explanted tumors

Ex vivo near-infrared fluorescence imaging of dissected
individual organs six hours post-injection confirmed specific
uptake of JK36*%* in CD38-positive tumors in both saline-
pretreated and daratumumab-pretreated mice (Figure 6A).
JK36-hcAb-pretreated animals showed no specific uptake of
JK3647% Signals in most other tissues, including CD38-
negative tumors, returned to background levels, with low
fluorescent signals still detectable in the kidneys. While the
liver itself showed only background fluorescence, fluorescent
signals in the gallbladder likely reflect biliary excretion
of fluorochromes.
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Ex vivo flow cytometric analyses of CD38-positive tumors
was performed six hours post-injection to quantify the relative
amount of in vivo injected and still tumor-bound JK36"¢%
(Figure 6B). Flow cytometry of tumor cells suspensions showed
specific labeling of CD38-positive cells with JK36*% in both
saline-pretreated and daratumumab-pretreated mice and no
specific labeling of CD38-negative tumor cells. The ex vivo
observed flow cytometric fluorescence signal obtained by in

vivo injection of JK36"F¢%

was low in saline-pretreated and
daratumumab-pretreated groups, while there was no binding of
JK364F9%0 to JK36-hcAb pretreated cells.

Additional ex vivo staining using JK36*7%

resulted in
strong labeling of CD38-positive cells obtained from saline-
pretreated mice. In contrast, additional ex vivo staining with
JK362F680 of daratumumab-pretreated and JK36-hcAb-
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Ex vivo analyses of cells from CD38* and CD38" tumors explanted from mice 6 hours and 24 hours post-injection of JK36*7%°. (A) Fluorescence
levels of individual tumors and organs explanted from mice pretreated with isotonic saline, daratumumab, or JK36-hcAb 6 hours after injection of
JK364F68C_(B) Histograms depicting median fluorescence intensities of the AF680 channel in mice after pretreatment with isotonic saline,
daratumumab, or JK36-hcAb, obtained from tumors explanted 24 hours after injection of JK36*7°%°. Dashed histograms represent native AF680
signals of the CD38™ control tumor, grey histograms represent native AF680 signals of the CD38™ tumor, open histograms represent the maximum
AF680 signal obtained after ex vivo staining of CD38" tumor cells with JK36*7°8° Each panel is a representative example of n=10 per treatment
group. Cell debris was initially excluded by setting an appropriate FSC-A threshold before gating on single cells. YAC-1 cells were then identified by
co-expression of CD38 (using nanobody JK2, identifying the remaining free epitope of CD38) and GFP.

pretreated mice resulted in weaker staining, possibly reflecting
downregulation of CD38 due to therapeutic effects of
daratumumab and JK36-hcAb in vivo during the 24 hours of
pretreatment and six hours imaging period.

Discussion

Our study demonstrates that a nanobody recognizing a
distinct, non-overlapping epitope of CD38 allows the detection
of myeloma cells pretreated with daratumumab. Nanobody
JK36"F¢% specifically detected CD38-expressing tumor cells in
vitro, ex vivo, and in vivo irrespective of daratumumab
treatment status.

JK36"T*% therefore represents a promising tool to overcome
current clinical challenges in the assessment of treatment
response in daratumumab-pretreated multiple myeloma
patients (6, 10, 11). The possibility to detect and monitor
CD38-expressing myeloma cells in daratumumab-pretreated
patients is of increasing importance considering the
increasingly broader indications for daratumumab treatment
(39, 40).

Previous studies demonstrated the feasibility of fluorophore-
or radionuclide-labeled daratumumab for in vivo imaging
purposes of CD38-expressing myeloma cells (19, 20, 41).
However, targeting the same epitope as daratumumab is only
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effective in daratumumab-naive patients. It would instead be
expedient to use other labeled antibody constructs that target an
epitope of CD38 distinct from that of daratumumab. This would
allow not only to image untreated patients but also
daratumumab-pretreated patients.

Instead of using a conventional monoclonal antibody, we
used nanobody JK36*"°®, recognizing a distinct, non-
overlapping epitope of CD38 for demonstrating the feasibility
of specific imaging of daratumumab-pretreated CD38-
expressing tumors. Key advantages of using nanobodies over
conventional antibodies for in vivo diagnostic purposes include
greater ease of production (42) as well as more favorable imaging
kinetics: nanobodies allow for excellent tumor-to-background
ratios as early as 6 hours post-injection and for same-day in vivo
imaging (33, 41), owing to the rapid elimination of excess
unbound nanobodies by renal filtration. Furthermore, the risk
of allergic infusion reactions is reduced when using nanobodies
as opposed to conventional antibodies, owing to their low
immunogenicity (43). This possibly explains the lack of
infusion reactions in patients receiving caplacizumab, the first
FDA-approved nanobody (44).

Additionally, a recent study revealed that our nanobody
JK36 detects myeloma cells from daratumumab-treated patients
with greater sensitivity than a commercially available CD38-
specific multi-epitope reagent (6). Here we show that JK36 also
detects CD38-expressing tumor cells with greater sensitivity
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than monoclonal antibody HIT2"<¢"/<¥>*

which is currently
being used in flow cytometric assays (45-47) to assess treatment
response in patients receiving daratumumab.

Isatuximab, the second FDA-approved CD38-specific
monoclonal antibody, binds to a different epitope of CD38
than daratumumab (48). Further studies are warranted to
evaluate the feasibility of nanobody-based imaging of multiple
myeloma under isatuximab therapy, possibly using a different
nanobody than JK36.

An inherent limitation of our study is the use of near-
infrared fluorescent dyes for in vivo imaging. The signal
intensity of fluorochromes such as AlexaFluor680 decreases
with increasing tissue depth, precluding cross-sectional
imaging of human patients (49). This limitation, however,
could be overcome by coupling nanobody JK36 to a
radionuclide such as **Ga **Cu or **Tc, which would allow
imaging by PET or SPECT (17, 19, 50, 51).

Since CD38 is not only expressed on myeloma cells but also
on other cells (52), some level of on-target off-tissue signal is
expected when using CD38-specific nanobodies for in vivo
imaging purposes. This, however, is not a limitation of
nanobody JK36 but rather a ubiquitous phenomenon when
employing antibody-based imaging strategies.

In summary, we have demonstrated that a nanobody
recognizing an epitope on CD38 distinct from that of
daratumumab allows the specific detection of myeloma cells
pretreated with daratumumab in vitro, ex vivo, and in vivo.
Future studies using radiolabeled nanobody JK36 are warranted
to investigate the potential for clinical imaging of daratumumab-
pretreated human multiple myeloma patients.
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Targeting multiple myeloma
with nanobody-based heavy
chain antibodies, bispecific killer
cell engagers, chimeric antigen
receptors, and nanobody-
displaying AAV vectors

Julia Hambach'?, Anna Marei Mann?, Peter Bannas?®
and Friedrich Koch-Nolte ™!

Ynstitute of Immunology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany,
2Department of Diagnostic and Interventional Radiology and Nuclear Medicine, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany

Nanobodies are well suited for constructing biologics due to their high
solubility. We generated nanobodies directed against CD38, a tumor marker
that is overexpressed by multiple myeloma and other hematological
malignancies. We then used these CD38-specific nanobodies to construct
heavy chain antibodies, bispecific killer cell engagers (BiKEs), chimeric antigen
receptor (CAR)-NK cells, and nanobody-displaying AAV vectors. Here we
review the utility of these nanobody-based constructs to specifically and
effectively target CD38-expressing myeloma cells. The promising results of
our preclinical studies warrant further clinical studies to evaluate the potential
of these CD38-specific nanobody-based constructs for treatment of
multiple myeloma.

KEYWORDS

nanobody, multiple myeloma, CAR, heavy chain antibodies, BiKE, AAV, VHH, CD38

Introduction

Nanobodies are highly soluble, single variable immunoglobulin domains derived
from heavy chain antibodies (hcAbs) that naturally occur in llamas and other camelids
(Figure 1A). Due to a splice site mutation, hcAbs lack the CH1 domain of a conventional
antibody and do not pair with a light chain (1). Nanobodies contain a hydrophilic region
in place of the hydrophobic patch that mediates pairing of VH and VL domains in
conventional antibodies (2). Nanobodies thus display a much higher solubility and better
developability than individual variable domains or single chain variable fragments (scFv)
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FIGURE 1

Schematics of nanobody-based biologics (A) Conventional antibodies (yellow) contain light and heavy chains that pair via hydrophobic regions
(black bars) in the framework of the VL and VH domains and by a disulphide bond (light black line) between the CL and CH1 domains. The
complementarity-determining regions (red) of VH and VL together form the antigen-binding paratope. A recombinant antigen-binding module, i.e.
a single chain variable fragment (scFv), can be derived from a conventional antibody by genetically fusing the VH and VL domains via a peptide
linker. Heavy chain antibodies (hcAb, olive) derived from llamas lack the light chain and the CH1 domain. A hydrophilic patch (dashed bar) of the
VHH domain in place of the corresponding hydrophobic region of a VH domain accounts for the excellent solubility of recombinant VHH domains,
i.e. nanobodies (Nb), that allows easy fusion to other proteins and/or Nbs. (B) Nanobodies can be converted into hcAbs of any isotype by genetic
fusion to hinge, CH2 and CH3 domains, e.g. of human IgGl. Genetic fusion to a second nanobody that recognizes either a second epitope on the
same target antigen or a distinct target (orange), results in a biparatopic or a bispecific hcAb, respectively. (C) Genetic fusion of one or two
nanobodies to a transmembrane domain and to cytosolic costimulatory domains yields a monomeric, biparatopic or bispecific chimeric antigen
receptor (CAR) that can be transduced into T cells or NK cells. (D) Fusion of one or two tumor marker-specific nanobodies to a nanobody
recognizing the Fc-receptor of NK cells (CD16, light blue) yields bispecific or trispecific killer cell engagers (nano-BiKEs or nano-TriKEs). As an
alternative to a second tumor-specific nanobody, IL-15 can be fused to a tumor marker-specific nanobody and a CD16-specific nanobody to
generate a nano-TriKE. Half-life extension (HLE) of these molecules can be achieved by genetic fusion to an albumin-specific nanobody (magenta).
(E) Genetic fusion of a membrane protein-specific nanobody into an exposed surface loop of the VP1 capsid protein yields a targeted nanobody-
displaying adeno-associated viral vector (AAV) that specifically transduces cells expressing the target antigen.
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derived from conventional antibodies. These properties make
them particularly suited for specific and efficient targeting of
tumor antigens in vivo (3, 4).

Nanobodies can be used in a LEGO brick like fashion for the
construction of a wide variety of nanobody-based biologics,
including biparatopic and bispecific reagents (Figures 1B-E).
Caplacizumab, the first nanobody-based therapeutic approved
for clinical use in 2019, is a genetic fusion of two identical
nanobodies against the van Willebrandt factor linked via a
peptide linker. Caplacizumab is approved for the treatment of
acquired thrombotic thrombocytopenic purpura (5). Ciltacel, a
nanobody-based therapeutic that recently received fast-track
approval by the FDA for the therapy of multiple myeloma, is a
biparatopic chimeric antigen receptor (CAR) containing two
genetically linked nanobodies fused to the transmembrane and
signal transduction modules of different T cell membrane
proteins (Figure 1C). The two nanobodies recognize non-
overlapping epitopes of B cell maturation antigen (BCMA), a
cell surface receptor of the TNF superfamily expressed by
mature B cells and often overexpressed by multiple myeloma
cells (6-9). Remarkably, in order to achieve complete remission,
tenfold lower cell numbers are required for CAR-T cells
expressing this nanobody-based biparatopic receptor
compared to CAR-T cells expressing a single BCMA-specific
nanobody. This is thought to reflect the higher affinity, higher
stability, and/or lower unspecific off-target binding of the
BCMA-specific nanobodies compared to scFvs and
conventional VHs (10, 11).

Multiple myeloma is a hematological malignancy that is
characterized by the uncontrollable expansion of malignant
plasma cells in the bone marrow (12-14). Survival of myeloma
patients has improved with new drugs and autologous stem cell
transplantation. Despite this progress, the majority of myeloma
patients relapse (15-18), underlining the need for more effective
treatment options with higher specificity and fewer side effects
(15, 19, 20).

CD38 is a type II transmembrane glycoprotein whose
extracellular domain is an enzyme that hydrolyzes NAD+.
Multiple myeloma cells and other hematological malignancies
overexpress CD38. This makes it an interesting target for
immunotherapy. Since CD38 is part of the purinergic-signaling
cascade that converts NAD+ into immunosuppressive adenosine,
the overexpression of CD38 on tumor cells is thought to
contribute to an anti-inflammatory tumor microenvironment
@1, 22).

Daratumumab and isatuximab are CD38-specific
monoclonal antibodies that have been approved for the
treatment of multiple myeloma in newly diagnosed and
relapsed myeloma patients (23). Genmab isolated
daratumumab from human immunoglobulin transgenic mice
immunized with CD38 (24, 25). Isatuximab is a chimeric CD38
specific antibody developed by Sanofi from immunized mice
(26). Other CD38 specific antibodies such as TAK-079 and
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MOR202 have also entered clinical trials (23). We have
generated CD38-specific nanobodies from immunized llamas
(27). Here, we focus on the reformatting of CD38-specific
nanobodies into potential immunotherapeutics. The insights
gained may be applied also to nanobodies directed against
other tumor targets.

CD38-specific nanobody-based
antibody constructs

We have generated nanobodies from llamas using genetic
immunization that bind to three independent epitopes of CD38
(27, 28). For both, daratumumab and isatuximab, we have
identified nanobodies that bind independent epitopes, i.e. they
stain cells that are already covered with daratumumab or
isatuximab (27, 29). Such nanobodies are useful for detecting
CD38 on the cell surface in patients undergoing daratumumab
or isatuximab therapy (30).

We used these CD38-specific nanobodies to generate CD38-
specific nanobody-based heavy chain antibodies (hcAbs),
chimeric antigen receptor CAR-NK cells, bispecific killer cell
engagers (BiKEs), and nanobody-displaying adeno-associated
viruses (AAVs) (Figures 1B-E) (27, 29, 31-34). Some of these
have been radiolabeled and tested as tools for the in vivo imaging
of multiple myeloma (35). Similarly, the group of Yong Juan
Zhao has selected a panel of CD38-specific nanobodies from
immunized Bactrian camels (36). One of these, 1G3, was used to
generate CD38-specific nanobody-based CAR-T cells (36). Caers
et al. radiolabeled some of our nanobodies and the nanobodies
by Zhao et al. as a tool for studying fratricide of NK cells under
daratumumab therapy (37).

Nanobody-based heavy chain
antibodies (hcAbs)

Binding of therapeutic antibodies to a target cell can induce
various effector functions including antibody-dependent cellular
cytotoxicity (ADCC), complement dependent cytotoxicity
(CDC), antibody-dependent cellular phagocytosis (ADCP),
and antibody-induced apoptosis (38). ADCC was shown to be
a major mode of action of daratumumab (39, 40). In ADCC, the
Fc-part of an antibody bound to the target cell is recognized by
the Fc-receptor CD16 on an NK cell (Figure 2A). This activates
the NK cell to release perforins, which ultimately lyse the target
cell by forming pores.

Genetic fusion of a nanobody with the hinge and Fc-
domains of human IgGl generates a chimeric heavy chain
antibody (hcAb) (Figures 1B, 2A) (41, 42). We generated such
CD38-specific nanobody-based hcAbs and evaluated their
potential to induce ADCC and CDC (29, 32). These hcAbs
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FIGURE 2

Schematic illustration of the mode of action of the CD38-specific nanobody-based hcAbs, BiKEs, CARs and nanobody-displaying AAVs.

(A) Antibody-dependent cellular cytotoxicity (ADCC) by an NK cell against a myeloma cell is mediated by a CD38-specific nanobody-based heavy
chain antibody. A nanobody-based CD38-specific heavy chain antibody (hcAb) bound to a tumor-antigen (CD38, olive) on the plasma membrane
of a multiple myeloma cell is recognized by an Fc-receptor (CD16, blue) of an NK cell. Cross-linking of CD16 on the NK cell induces the release of
perforins, which form pores and kill the myeloma cell. (B) A half-life extended (HLE)-nano-BIKE crosslinks CD38 on the tumor cell and CD16 on the
NK cell, causing release of perforins and killing of the myeloma cell. A third, albumin-specific nanobody (magenta) binds to albumin in the plasma
and thereby extends the half-life of the construct by slowing renal filtration. (C) An NK cell transduced with a biparatopic nanobody-based chimeric
antigen receptor (CAR) binds to CD38. Cross-linking of multiple nano-CARs on the NK cell surface triggers the release of perforins and lysis of the
myeloma cell. (D) A membrane protein-specific CD38-specific nanobody inserted in the capsid of an AAV mediates specific transduction of tumor
cells expressing the cognate target. Expression of the transgene encoding a pro-inflammatory cytokine (e.g. IL-12) and/or a checkpoint blocking
nanobody dimer (e.g. a-PDL-1) helps to convert an immunosuppressive into an inflammatory tumor microenvironment.
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showed potent ADCC toward CD38 expressing tumor cell lines
in vitro and to multiple myeloma cells from patient bone
marrow samples ex vivo independent of the bound epitope,
but failed to induce CDC of these cells. In a xenograft model,
mice treated with the hcAbs showed significantly improved
survival. This is consistent with results with the CD38-specific
antibody MOR202, which also did not induce CDC in vitro but
performed well in clinical trials, although not as well as
daratumumab (43).

The relative roles of ADCC and CDC in the overall success
of therapeutic antibodies in multiple myeloma are as of yet
unknown. It is more likely that a combination of effects underlies
therapeutic efficacy. However, our results imply that ADCC may
be more important than CDC, at least in a xenograft model in
vivo. The ability of therapeutic antibodies to induce effector
functions can be manipulated through directed mutagenesis of
specific amino acids in the Fc-part of the antibody. For example,
introduction of the single point mutation E345A, a so-called
hexabody mutation, into CD38-specific IgG1 hcAbs, conferred
the capacity to potently induce CDC (29).

Effective CDC can also be triggered when two hcAbs that
bind to different epitopes on CD38 are combined, although
neither can trigger CDC independently. This is likely due to
cross-linking of CD38 on the tumor cell. Based on this
observation, we generated tetravalent biparatopic hcAbs. In
these constructs, two different CD38-specific nanobodies
connected by a GS linker are genetically fused to the hinge,
CH2 and CH3 domain of IgGl1, generating tetravalent hcAbs
(Figure 1B). These hcAbs also triggered effective CDC against
CD38-expressing cell lines.

Antibody-mediated modulation of the enzyme function of
CD38 may also contribute to changing a “cold” into a “hot”
tumor microenvironment (22, 44). Some of our hcAbs, i.e. those
that bound to epitope 2, indeed inhibited the GDPR-cyclase
activity of CD38, as had been reported also for daratumumab
and isatuximab (22, 27). However, none of these antibodies
affected the NAD-hydrolase activity, i.e. the main enzymatic
activity of CD38.

CD38 is not only expressed by tumor cells, but also by
regulatory B and T cells as well as by myeloid suppressor cells
and NK cells. Simultaneous targeting of CD38 on regulatory cells
might contribute to a less immunosuppressive tumor milieu and
to the expansion of effector T cells (38). In contrast, targeting of
NK cells, as evidenced by a reduction of CD38-expressing NK
cell numbers during daratumumab treatment may contribute to
tumor relapse (38). Therefore, it is desirable to design better
antibody-constructs that specifically target myeloma cells and
spare healthy cells.

To increase the specificity of hcAbs further, the principle of a
biparatopic hcAb could be extended to a bispecific hcAb, in
which two nanobodies with specificities for two different tumor
markers are combined in one construct. This might hamper
tumor escape from immunotherapy by antigen loss. By
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selectively using nanobodies with a low affinity for their target,
it might be possible to generate hcAbs that only bind when both
target antigens are expressed on the target cell.

In conclusion, hcAbs represent a promising new type of anti-
tumor biologic. Our CD38-specific chimeric hcAbs and
biparatopic hcAbs showed effectivity in vitro, ex vivo, and in
vivo, deserving further verification in clinical trials.

Nanobody-based bispecific killer
cell engagers (BIiKEs)

Bispecific engagers such as bispecific T cell engagers (BiTEs)
or bispecific killer cell engagers (BiKEs) are designed to recruit
cytotoxic immune cells to tumor cells. In a classical BiTE, a
tumor antigen specific scFv is linked to an scFv specific for CD3
(part of the T cell receptor complex) via a peptide linker (45, 46).
Binding of the BiTEs to the cell surface of tumor cells expressing
the target antigen, subsequently recruits T cells via multivalent
binding of the CD3-specific scFvs on the BiTE-coated tumor cell
surface. Formation of an immunological synapse between the
target cell and the T cell induces activation of the T cell. The
activated T cell releases perforins that cause lysis of the tumor
cell (46). Similarly, bispecific NK cell engagers (BiKEs) feature a
tumor cell-specific scFv linked to an scFv that is specific for
CD16 (the high affinity Fc-receptor) on an NK cell in place of the
CD3-specific scFv (47).

Nanobodies seem particularly suited for the construction of
BiTEs and BiKEs because of their better solubility and
reformatability (Figure 2B) (2). Several groups have
constructed chimeric BiTEs and BiKEs that contain a tumor-
antigen-specific nanobody fused to an scFv for targeting either
CD16 or CD3 (48-50). Others have constructed BiKEs that
contain two nanobodies (51-53). For example, Van Faassen et al.
generated a series of nanobody-only BiKEs directed against
CD19, HER2 and EGFR that showed good killing efficacy
against cells displaying the respective target on the cell
surface (54).

The small size of BiTEs and BiKEs, whether composed of
scFvs or of nanobodies, lies below the size of the renal filtration
barrier, leading to rapid renal excretion. Various strategies have
been used to extend the half-life of BiKEs and BiTEs in vivo. For
example, fusion to hinge and Fc-domain of IgG or to an
albumin-specific binding element can impede renal filtration
and increase the in vivo half-life of BiKEs or BiTEs. Such
constructs are called half-life extended (HLE-BiKE) (55-57).
Using CD38-, CD16- and albumin-specific nanobodies, we
recently developed CD38-specific half-life extended nanobody-
based BiKEs (HLE-nano BiKEs) (33). These recruited CD16-
expressing NK92 cells to exert potent cytotoxicity against CD38-
expressing tumor cell lines in vitro and primary multiple
myeloma cells ex vivo, independent of the epitope bound on
CD38. In our preclinical set up, HLE-nano BiKEs induced
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NK92-mediated cytolysis even more effectively than
daratumumab. Biolayer interferometry analyses confirmed
simultaneous binding of all three nanobodies to their
respective target. Importantly, simultaneous binding of
albumin did not interfere with BiKE-mediated Kkilling.
Moreover, we encountered no problems with aggregation
during production, purification, and concentration of our
HLE-nano BiKEs, which in contrast is often observed with
scFv-based constructs (58-60).

For BiKEs, the CD16-specific binding element used may
influence the effectiveness of the BiKE. A number of CD16-
specific nanobodies (54, 61) that show a range of affinities for
CD16a could mediate different effectiveness as a binding element
in the BiKE. Van Faassen et al. developed a nanobody that not
only binds CD16a, which is expressed on NK cells, monocytes,
and macrophages, but also CD16b, which is expressed on
neutrophils and is important for phagocytosis (54). These
authors also investigated the influence of the order of
nanobodies in the BiKE and the linker length (54). They
found no significant differences in killing between BiKEs
containing the same nanobodies with different linker lengths
or arrangements of nanobodies.

BiKE-mediated NK cell cytotoxicity and antibody mediated
cellular cytotoxicity (ADCC) both activate NK cells via CD16. In
case of antibodies, the binding affinity of CD16 to the Fc-part of
the antibody may influence the effectivity of ADCC (62).
Therapeutic antibodies may also be affected by the prevalence
of physiological IgG in plasma (63). Thus, antibodies present in
serum may already occupy high affinity Fc-receptors on immune
cells. To overcome this competition, high levels of therapeutic
antibodies or antibodies engineered for increased affinity to
CD16 may be needed. Such problems are likely circumvented
by BiKEs that contain a nanobody that binds to CDI16
independent of its occupancy by IgG. Fusion of an additional
tumor-specific binding module or a co-stimulatory interleukin
such as IL-15 converts a bispecific engager into a trispecific
engager, also called TriKE (45, 64, 65). TriKEs have shown
increased efficiency compared to BiKEs (66, 67).

Given their excellent solubility, stability, and their ease of
production, we propose further in vivo evaluation of nanobody-
based BiKEs and TriKEs versus scFv-based bispecific engagers
for the therapy of multiple myeloma.

Nanobody-based chimeric antigen
receptors (CARs)

T cells or NK cells equipped with a chimeric antigen receptor
(CAR) can bind to tumor antigens independent of their native T
cell or Fc-receptor and thereby induce CAR-dependent cellular
cytotoxicity (CAR-DCC) (Figure 2C). CARs of the first
generation featured a binding element such as a tumor
marker-specific scFv fused via an extracellular linker to a
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transmembrane domain and a cytosolic immunoreceptor
tyrosine-based activation motif (ITAM) of CD3. The
introduction of additional ITAMs of other costimulatory
receptors such as 41BB, OX40 or CD28 led to the
development of second and third generation CARs (68).

In CAR-T therapy, T cells of the patient are genetically
modified by transduction with a lentiviral vector to express a
tumor marker-specific CAR and are then expanded ex vivo. The
expanded cells are transplanted back to the patient, often
inducing a storm-like release of cytokines due to massive
activation of the transplanted T cells. The side effects of this
cytokine storm often require management of the patient on an
intensive care unit. Another drawback of CAR-T cell-based
therapies is the dependence on the quality of the graft (69, 70).
Since cells are harvested from already diseased and often heavily
pre-treated patients, the fitness and quantity of cells obtained
from a patient may be reduced.

NK cell-based CAR cells represent an alternative in this
regard. NK cells show fewer side effects during transplantation
than T cells (71). In addition, NK cells from established cell
cultures or allogeneic transplants show lower graft-versus-host
effects (72, 73). This may allow the use of CAR-NK cells as an
“off-the-shelf” therapy, since new CAR cells do not have to be
individually produced for each patient (74).

Although widely used, scFvs exhibit inherent structural
properties that limit their applicability in vivo. The VH and
VL domains associate via a hydrophobic interface that is
inherently instable. Dissociation of the domains at this
interface may impede expression levels of the CAR on the cell
surface. Moreover, the exposed hydrophobic surfaces of the VH
and VL domains may account for nonspecific binding to off
target cells (11). This may lead to early depletion of CAR-T cells
and may result in a decreased success of therapy. The inherent
instability of scFv also hampers the construction of CARs
composed of two or more scFvs, i.e. bispecific or biparatopic
tandem CARs, as the VH and VL of the two scFvs
could mismatch.

As in the case of BiTEs and BiKEs, high solubility and easy
reformatability render nanobodies particularly suited for the
construction of CARs (Figure 2C). The introduction of
nanobodies as binding domain for these artificial receptors led
to the development of CARs with fine-tuned binding properties
(11). Moreover, due to their small size, it is possible to insert
more than one nanobody into the CAR (10, 75, 76). This gives
researchers the opportunity to further refine the specificity and
affinity of a nanobody-based CAR. For example, tandem linkage
of two nanobodies that bind to independent epitopes of BCMA
resulted in BCMA-specific biparatopic CARs with higher
affinities for the target and exceptionally high effectivity of the
derived CAR-T cells (10, 11).

With respect to CD38, several scFv-based CAR-T and NK
cells have been developed (77-79), some of which are currently
under clinical evaluation (clinical trials NCT03473496,
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NCT03464916, NCT04861480. June 2022, clinicaltrials.gov).
Some of these were affinity-optimized to more specifically
target cells that highly express CD38 rendering a very potent
CD38-specific CAR. Recently, we and others have used CD38-
specific nanobodies for the construction of nanobody-based
CARs (31, 36). The nanobody-based CAR-T cells developed
by An et al. displayed significant cytotoxicity and cytokine
production in vitro as well as in vivo in a xenograft mouse
model (36). We expressed our nanobody-based CARs on NK92
cells as a basis for “off-the-shelf” CAR-NK cells. These
nanobody-based CAR-NK cells also showed potent
cytotoxicity against CD38+ cells in vitro and ex vivo. The
effectiveness of the CAR-NK cells was interestingly
independent of the epitope on CD38 bound by the nanobody.

Since healthy cells also express CD38, it would be
advantageous to develop CAR cells that specifically kill CD38
overexpressing myeloma cells. Conceivably, one could introduce
one or more additional nanobodies that recognize another
membrane protein expressed on the surface of the myeloma
cell such as CD138, CD319 or CD229. Such a bispecific CAR
might improve tumor cell binding of CAR-T or CAR-NK cells
over binding of healthy cells that only express one of the two
target proteins.

Nanobody-based CARs are easier to engineer genetically
than scFvs. Nanobody-based CARs can be designed for their
affinity, avidity, and specificity through their LEGO brick-like
structure. Therefore, nanobody-based CAR cells represent a
promising technology to combat multiple myeloma.

Nanobody-displaying AAV vectors

Adeno-associated viral vectors (AAVs) are well-established
tools for gene therapy (80, 81). AAVs are non-replicative, non-
enveloped, small ssDNA viruses. Typically the nucleotide
sequences coding for the viral capsid and replication genes are
replaced by the nucleotide sequence of a gene of interest to be
delivered to the transduced target cells. This sequence may
encode a fluorescent reporter, a protein or RNA modulator, a
toxin, an antibody or nanobody/hcAb, an inflammatory
cytokine, a microRNA or a CRISPR/Cas9 targeting module
(82-86). However, AAVs often show a broad tropism,
hampering delivery of the gene of interest to a specific cell
type such as a tumor cell (87). Mutations of and peptide
insertions into the capsid proteins have been used to reduce
binding of the AAV vector to ubiquitously expressed targets (e.g.
glycoproteins) and to increase the selectivity for certain cells and
tissues (88). More specific targeting technologies have also been
developed to direct the AAV capsid to specific cell surface
receptors, e.g. by genetic fusion or chemical ligation of an
AAV capsid protein to the ligand of a cell surface receptor
(89-91). For example, HER2-specific design ankyrin repeat
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proteins (DARPins) have been used for the improved
transduction of HER2-expressing cells through AAV2 (92).

Here too, the high solubility and easy reformatability could
render nanobodies particularly suited as targeting modules for
AAVs, e.g. to myeloma cells overexpressing CD38. To this end,
we inserted a CD38-specific nanobody into the exposed GH2/
GH3 surface loop of the VP1 viral capsid protein of AAV2 (34).
Since the N terminus of a nanobody is located close to the
antigen-binding paratope while the C terminus is on the
opposite side, we used a short linker on the C terminus and a
longer linker on the N terminus to allow an upright orientation
of the nanobody on the capsid surface (Figure 2D). All CD38-
specific nanobodies tested as well as several other nanobodies
targeting structurally distinct membrane proteins were
successfully inserted in this way. This suggests that this
strategy likely is suited for a broad range of nanobodies and
target membrane proteins. For each of the inserted nanobodies,
we observed a 10- to 500-fold enhanced AAV transduction of
target-transfected HEK cells and other target-protein-expressing
cells. Remarkably, AAVs displaying a CD38-specific nanobody
also specifically transduced CD38-expressing myeloma cells in
primary bone marrow samples of multiple myeloma patients.
We analyzed the transduction efficiency via a GFP reporter as
transgene - for future applications the nanobody-displaying
AAVs could encode inflammatory mediators, e.g. pro-
inflammatory cytokines or nanobody dimers that block
immune checkpoint proteins like PD-L1 (Figure 2D).

In conclusion we propose that nanobodies represent a means
to combine the benefits of AAV-mediated gene transfer with
specific targeting of myeloma cells. Nanobody-displaying AAV's
pave the way for a wide range of applications as vectors for
delivery of immunomodulatory substances such as cytokines or
checkpoint inhibitors to the tumor microenvironment.

Discussion

Nanobodies display an inherent robustness and high solubility
that has been shaped by millions of years of evolution in the camelid
lineages. In contrast, single variable immunoglobulin domains (VH
or VL) derived from conventional human antibodies often show a
tendency to aggregate in the absence of its natural partner (93, 94).
This is attributed to hydrophobic surface patches in the framework
regions where VH and VL naturally associate. In the context of a
natural antibody the pairing and covalent linkage of the adjacent
CHI and CL domains additionally stabilizes the association of VH
and VL domains. Conversely, the pairing of VH and VL domains
generally is less stable in the context of a recombinant scFv, where a
VH and VL domains are genetically fused via a peptide linker.
These inherent structural features likely account for the much better
developability of nanobody-based biologics than of scFv-
based biologics.
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Two nanobody-based biologics have been granted FDA
approval for clinical use: Caplacizumab, a homodimer of two
identical van Willebrandt factor-specific nanobodies connected
by a peptide linker and Ciltacel a chimeric antigen receptor
composed of a heterodimer of two different BCMA-specific
nanobodies that target non-overlapping epitopes of BCMA.
The size of Caplacizumab is much smaller than that of a
conventional antibody and lies below the size of the renal
filtration barrier. Consequently, Caplacizumab exhibits a short
half-life in vivo and is intended for short-term treatment of
blood clotting disorders. The BCMA-specific biparatopic
nanobody of Ciltacel, in contrast, is expressed as a cell surface
receptor on transduced T-cells and is intended for long-term
treatment of BCMA-expressing multiple myeloma.

The entry of nanobodies into the clinic likely has been
slowed by concerns regarding the potential immunogenicity of
the camelid VHH domain in human patients. In general,
immunogenicity of variable immunoglobulin domains is much
less of a concern than that of constant immunoglobulin domains
and other proteins. Humans carry ~50-150 distinct VH and VL
encoding gene fragments. Somatic hypermutation during
natural immune responses generates millions of variants of the
germline VH and VL domains. During pregnancy, such variants
are transferred across the placenta from the mother to the fetus.
This likely accounts for the high natural tolerance against VH
and VL domains of other species.

To mitigate immunogenicity concerns, framework residues
in nanobodies intended for clinical use in humans, usually are
“humanized” (95). This involves substitutions of amino acid
residues on the surface of the VHH domain by corresponding
residues commonly found in human VH domains. Owing to the
natural similarity of VHH domains to human VH3 domains,
this is often possible without compromising the stability or
functionality of the nanobody, perhaps with the exception of
the hydrophilic residues at the former interface to the
VL domain.

The astounding efficacy of the nanobody-based Ciltacel (96)
compared to CARs based on scFvs raises a number of questions
that need be addressed in future studies. Is a biparatopic CAR
generally more efficient than a monovalent CAR? Do the
epitopes recognized by the nanobodies influence the efficacy?
Could the efficacy of a CAR be increased by combining two
nanobodies directed against distinct cell surface receptors such
as CD38 and BCMA that are co-expressed by the target cell? It
also remains to be seen whether the astounding efficacy of the
nanobody-based CARs can be reached also with nanobody-
based CARs targeting other cell surface proteins (11, 97).

In this review we focused on the applicability of CD38-
specific nanobody-based constructs for the treatment of multiple
myeloma. Targeting CD38 with such constructs could also be a
promising alternative for the treatment of other CD38 positive
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malignancies. CD38 is also often highly expressed in other
hematological malignancies, e.g. acute myeloid leukemia
(AML) (98), and chronic lymphocytic leukemia (CLL) (99).
Moreover, CD38 over- expression by cancer-associated
fibroblast has been suggested to promote a pro-tumoral
activity in melanoma (100). Expression of CD38 by lung
cancer and other solid tumors may also contribute to an
oncogenic tumor microenvironment by promoting the
enzymatic conversion of NAD+ to immunosuppressive
adenosine (101, 102). CD38-specific nanobody-based
constructs that inhibit its enzyme activity would be targeting
the “Achilles heel” of such tumors.

Most tumors are heterogeneous, and tumor cells that do not
express or loose expression of the target membrane protein of a
therapeutic antibody would have a growth advantage (103, 104).
In such cases, simultaneous targeting of two or more tumor cell
membrane proteins would impede escape and lower the rate of
recurrence (105). The specificity of nanobody-based constructs
for tumor cells might be enhanced by simultaneous targeting of
multiple tumor-specific antigens through integration of
additional nanobodies into the construct. The small size of
nanobodies and ease of reformatability facilitate the
construction of bispecific hcAbs, BiKEs, CARs, and nanobody-
displaying AAV vectors (29, 33, 53).

CD38 is also expressed by in multiple different cell types of
innate and acquired immunity, including both, tumor
promoting cells and cells with cytotoxic activity (21, 23).
Targeting of regulatory T cells and B cells, and myeloid
derived suppressor cells would be beneficial, whereas targeting
of NK cells and activated cytotoxic T cells would be counter-
productive (78, 106, 107). As in case of tumor heterogeneity, by
combining nanobodies with low affinity for two targets that are
co-expressed by tumor cells but not by NK or T cells, e.g. CD38
and BCMA, it might be possible to specifically deplete only cells
expressing both target antigens and thus to develop nanobody-
based antibody constructs with lower off-target effects.

The results of our own studies with CD38-specific
nanobodies illustrate the utility of nanobody-based heavy
chain antibodies, BiKEs, CARs and nanobody-displaying AAV
vectors to specifically and effectively target CD38-expressing
myeloma cells. The promising results of our preclinical studies
warrant further clinical studies to evaluate the potential of these
CD38-specific nanobody-based constructs for treatment of
multiple myeloma.
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Nanobodies are antibody fragments derived from camelids, naturally endowed
with properties like low molecular weight, high affinity and low
immunogenicity, which contribute to their effective use as research tools,
but also as diagnostic and therapeutic agents in a wide range of diseases,
including brain diseases. Also, with the success of Caplacizumab, the first
approved nanobody drug which was established as a first-in-class medication
to treat acquired thrombotic thrombocytopenic purpura, nanobody-based
therapy has received increasing attention. In the current review, we first
briefly introduce the characterization and manufacturing of nanobodies.
Then, we discuss the issue of crossing of the brain-blood-barrier (BBB) by
nanobodies, making use of natural methods of BBB penetration, including
passive diffusion, active efflux carriers (ATP-binding cassette transporters),
carrier-mediated influx via solute carriers and transcytosis (including
receptor-mediated transport, and adsorptive mediated transport) as well as
various physical and chemical methods or even more complicated methods
such as genetic methods via viral vectors to deliver nanobodies to the brain.
Next, we give an extensive overview of research, diagnostic and therapeutic
applications of nanobodies in brain-related diseases, with emphasis on
Alzheimer’s disease, Parkinson's disease, and brain tumors. Thanks to the
advance of nanobody engineering and modification technologies,
nanobodies can be linked to toxins or conjugated with radionuclides,
photosensitizers and nanoparticles, according to different requirements.
Finally, we provide several perspectives that may facilitate future studies and
whereby the versatile nanobodies offer promising perspectives for advancing
our knowledge about brain disorders, as well as hopefully yielding diagnostic
and therapeutic solutions.

KEYWORDS

nanobody, brain disease, Alzheimer's disease, Parkinson's disease, brain infection,
brain tumor, stroke, theragnostics
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1 Introduction

1.1 Antibodies and nanobodies

Antibodies form a basic Y-shaped structure consisting of two
heavy chains and two light chains, of which different regions
have different functions such as antigen-binding (Fab) and
regulating the activity of immune cells (Fc), as shown in
Figure 1. In addition, the half-life of IgG is prolonged by the
binding and dissociation of the Fc part of IgG to the neonatal Fc
receptor (FcRn) (1), and the affinity of the antibody to the
antigen is most affected by the complementary determinant
regions of the variable region.

In 1993, Hamers-Casterman et al. found a natural heavy
chain antibody (HCADb) in camels containing only y heavy chain
and missing the first domain of its constant region (CHI)
(Figure 1) (2). Subsequent studies have found that this HCAb
is common in all camelids (3). The variable region of the HCAb
that retains antigen-binding activity, namely the variable
domain of heavy chain of heavy-chain antibody (VHH), has a
molecular weight of only about 15 kDa (1/10 of that of
conventional antibodies) and a size in the nanometer scale,
while it retains an antigen binding affinity that is often in the
low nanomolar range. Therefore, VHH was called nanobody
(Nb) by its original developer, Belgian biopharmaceutical
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company Ablynx. Due to the small size of nanobodies (Nbs),
they can be easily cleared by glomerular filtration and because
they also lack an Fc-tail and the associated interaction with
FcRn, their serum half-life is very short (4). The short serum
half-life as compared to full size antibodies has major advantages
for applications such as in vivo imaging, since it allows to obtain
arapid clearance from untargeted tissues, with a low background
signal and high target-to-background ratio and thus high
contrast within hours after tracer injection as compared to up
to several days for full-size antibodies, and also limits the
background radiation to untargeted organs and thus the
radiotoxicity (5). On the other hand, as will also be discussed
in section 2.2., protein engineering technology to combine
multiple Nbs or make fusions with other proteins can be used
to increase the Nb serum half-life for other applications, where a
longer serum-half-life may be preferred, for example to obtain a
sustained therapeutic effect. But this will then also again increase
the size of these constructs and so it is necessary to make a trade-
off between size and serum half-life, depending on the individual
applications in research, diagnostics and therapy. It is worth
mentioning that heavy chain antibodies have been found not
only in camelids, but also in some cartilaginous fishes (such as
nurse shark), named immunoglobulin new or nurse shark
antigen receptor (IgNAR) to distinguish them from HCAb in
camelids. In addition, their structures are different. For example,
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FIGURE 1

A brief process for building an immune library and screening for nanobody using M13 phage display. The coat structure of M13 phage is shown
in the upper right panel, and the structure difference between general IgG and HCAb in camelids is shown in the lower right panel. After using a
specific antigen to immunize a camelid, mRNA is extracted from its lymphocytes. Then PCR technology is used to obtain the corresponding
DNA fragments, which are cloned into a phage display vector. After several cycles of biopanning, the required phages are screened for antigen
binding via ELISA. Finally, the obtained nanobodies are sequenced and expressed for example in E.coli.
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the variable domain of IgNAR (VNAR) only contains two CDRs,
CDRI1 and CDR3, and its CDR3 is usually longer than the
corresponding region in IgG (6).

1.2 Screening and preparation of
nanobodies

At present, the selection of Nbs is mainly realized by
constructing a phage display library and screening high-
performance antibodies from it.

For the construction of an immune library, the specific
antigens (either as protein or via DNA vaccination) mixed
with standard adjuvants such as Gerbu are injected into the
camelid such as Bactrian camel, dromedary, llama and alpaca.
These immunizations are performed typically eight times in two
months and the corresponding HCAbs undergo affinity
maturation (7, 8). Then an aliquot of peripheral blood is
collected to obtain the lymphocytes and the mRNA in the
lymphocytes is isolated and reverse transcribed into cDNA.
Next, the cDNA can be amplified by PCR, cloned in frame to
a surface protein gene on the phage vector, and then transferred
into host cells such as E. coli. As a result, a small library
containing the required VHH gene fragments (typically about
10° individual transformants) is obtained (9). For reference,
Pardon et al. provided comprehensive and detailed methods of
immunization and the construction of immune libraries (10).

Phage display is a widely used display platform (11). The
phages used include many types (T7, T4, M13, etc.), among
which the filamentous phage of the M13 type is most commonly
used. The M13 phage’s coat proteins include five types, as shown
in Figure 1. Among all the coat proteins, the pIII protein is
usually used as the display platform for Nb screening.

To select VHH’s binding the antigen with high affinity,
progeny phages are typically subjected to two to three cycles of
biopanning, whereby they are incubated on a microtitration
plate which has antigen fixed on it. After washing of unwanted
phages that are not immobilized on the antigen, the selected
phages are eluted and used to re-infect the host. Finally, the
individual clones are analyzed for antigen-binding by standard
enzyme-linked immunosorbent assay (ELISA) and the
corresponding genes are sequenced to complete the initial
screening of Nbs (9). Among the identified Nbs, selection of
the lead compounds is later on performed using functional
assays, depending on the desired properties and applications.
Since Nbs have no complex structure, they can be expressed in
large quantities in hosts such as prokaryotic cells. The entire
process of constructing an immune library and screening target
antibodies by phage display is shown in Figure 1.

In addition to immune libraries, natural libraries (12) and
synthetic/semi-synthetic libraries (13) have also been proposed
for generation of Nbs. These libraries are not dependent on
immune responses in experimental animals, but usually, the
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content of the libraries needs to be much higher than that of
immune libraries, especially for natural libraries (~ 10°
individual clones) (3). In addition to phage display, the
methods for screening the required Nbs from libraries also
include cell surface display (14), ribosome display (15),
mRNA/cDNA display (16), and high-throughput DNA
sequencing and mass spectrometric identification (17), etc.
There are also different suitable methods for different
constructed libraries (9).

Nbs can be used as a good tool for research, diagnosis, and
treatment. However, they need to be chemically functionalized
to achieve certain functions in specific scenarios. Like for other
proteins, chemical functionalization methods for Nbs can
include natural amino acid residue methods, labeling methods,
and non-natural amino acid methods (18). Using these methods,
Nbs can be linked to fluorescent proteins (FP) or other detection
moieties for imaging or to therapeutic moieties such as
radionuclides, toxins or small molecule drugs as antibody-drug
conjugates (ADC) for targeted therapy. In addition, Nbs can be
formatted into a variety of other forms, such as the polyvalent
Nb (polymer formed by the same Nbs) or multi-specific Nb
(polymer formed by different Nbs). Compared with monovalent
Nbs, these can have stronger apparent affinity or avidity for
antigen (19, 20).

1.3 Brain-related applications of
nanobodies as research tools

Thanks to their special structure, Nbs have many advantages
compared to ordinary antibodies, such as high solubility (21, 22),
high stability (23, 24), high antigen-binding ability (25), low
immunogenicity (26), and strong tissue penetration (27). Based
on these advantages, in addition to their clinical applications,
which will be discussed later, Nbs can also be an excellent tool
for basic brain research. In particular, to image the cell structure
and reaction processes, Nbs tagged with fluorescent molecules
are an excellent imaging tool in microscopy. Nbs were for
example used to reveal an extra-synaptic population of
synaptosomal-associated protein-25 (SNAP-25) and Syntaxin
1A in hippocampal neurons. Using a new technology called
subdiffractional tracking of internalized molecules (sdTIM),
based on a pulse-chase of fluorescently tagged ligands destined
to undergo endocytic transport, the activity-dependent
internalization of Atto647N-tagged anti-green fluorescent
protein (GFP) Nbs bound to pHluorin-tagged synaptic protein
vesicle-associated membrane protein 2 (VAMP2) was used to
study the dynamics of endocytic pathways of synaptic vesicles
(28). Similarly, antagonistic Nbs to vesicle glutamate
transporters (VGLUTSs) were linked to fluorescent molecules
to study their inhibitory effect on neurotransmitter glutamate
transport, improving the understanding of neurotransmitter
transport processes (29). Nbs against activity-regulated
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cytoskeleton-associated (Arc) protein were used as a new tool for
studying the dynamics and function of Arc protein, providing a
new approach for studying the long-term plasticity, memory,
and cognitive flexibility of synapses (30). In addition to small-
scale imaging, a whole-body immunolabeling approach called
Nb (VHH)-boosted 3D imaging of solvent-cleared organs
(vDISCO) has been proposed. Hereby, the signal of
endogenous fluorescent proteins expressed in the central
nervous system of transgenic mice can be enhanced more than
100 times using Nbs targeting these fluorescent proteins that
have in turn been tagged with potent dyes such as Atto594,
Atto488 or Alexa647, allowing head-to-toe light slice
microscopy (panoramic imaging) and subcellular detail
imaging of transparent mice. This technology was used to
image neuronal changes in different pathological conditions
(31). To further improve the imaging quality of Nbs, in
addition to fluorescent molecules, the combination of Nbs
with quantum dots (QD) (32), single-walled carbon nanotubes
(SWCNT) (33) and other materials also showed exciting results.
SWCNT emit light in the near-infrared band without bleaching
or scintillation, which is very advantageous for imaging
deep tissues.

Nbs also have powerful functions as molecular linking tools,
one of which is that the ribosomes in neurons retrogradely
labeled with GFP can be targeted with anti-GFP Nbs, and this
method allows immunoprecipitation of the mRNA being
translated in the presence of GFP (34). For example, to study
the dopamine pathways, researchers built a pseudorabies virus
(PRV) strain, in which the spread of the virus and expression of
GFP are activated only after exposure to cyclization
recombination enzyme (Cre). Once activated in Cre-expressing
neurons, the virus serially labels chains of presynaptic neurons.
To further study edge dopamine neurons and their molecular
characteristics of presynaptic input, researchers used the
previously mentioned approach to immunoprecipitate
ribosomes to retrograde trace infected neurons and identify
important inputs to the mesolimbic dopamine pathway (35). In
addition to the application in immunoprecipitation, Tang, J,CY et
al. developed a method for gene manipulation using GFP and
anti-GFP Nbs, called Cre recombinase dependent on GFP (CRE-
DOG). In this set-up, GFP acts as a scaffold that aggregates
modular transcription domains and assembles a hybrid
transcription complex to activate the target gene, where GFP
recognition is mediated by paired anti-GFP Nbs (36). Using
similar ideas, the team also developed a GFP-dependent
transcription system (37), termed flippase dependent on GFP
(FLP-Dog) (38), and other gene manipulation methods,
providing reliable tools for photogenetics and other technologies.

Of course, Nbs can also be used to study the role of certain
molecules in diseases by taking advantage of antagonistic Nbs
which can block the function of the targeted antigens. For
example, von Willebrand factor (VWF) is an important factor
affecting ischemic stroke. Through the construction of a targeted
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Nb, the specific role of von Willebrand factor in ischemic stroke
could be studied and the mechanism of VWF mediated by its A1
domain could be determined (39). Finally, the Nb specificity can
be used to identify specific molecules expressed in disease. For
example, Jovcevska, I et al. enriched phage-displayed Nb
libraries from protein extracts of glioblastoma cell lines
NCH644 and NCH421K. Through bioinformatics analysis,
several molecules, including dihydropyrimidinase-related
protein 2 (DPYSL2), were identified that are expressed
differentially in glioblastoma as compared to normal tissues,
providing promising reference biomarkers for follow-up
research and treatment (40).

2 Transport of nanobodies to
the brain

Antibodies usually perform their functions by binding to
target molecules, which means that we need to deliver Nbs to the
brain in order to have functionality in the brain. The blood-
brain-barrier (BBB) is the biggest obstruction to drug delivery in
the brain, and whether the BBB is crossed naturally by the Nb or
not determines how the drug needs to be administered. In
general, administration methods which themselves cross the
BBB, such as intrathecal injection, can usually result in a
higher concentration of drugs in the brain, but have the risk of
greater tissue injury. On the other hand, drug delivery across the
BBB after intravenous injection, is characterized by low tissue
damage, but usually also lower concentration of drugs in the
target organ. Both methods have their advantages and
disadvantages. Nowadays, minimally invasive or even non-
invasive diagnosis and treatment methods have received most
attention. How to reduce the damage of drug administration and
make it pass the BBB efficiently is one of the focuses of research.
Compared with ordinary antibodies, Nbs have a 10 times smaller
size and thus they should at least in theory have a better chance
of penetrating the BBB, which may offer advantages for non-

invasive or minimally invasive treatment.

2.1 Natural methods of BBB penetration

Barrier structures in the human body protect import organs,
such as the blood-testosterone barrier, blood-eye barrier, blood-
placenta barrier, etc. Among them, the BBB, which protects the
central nervous system (CNS), is the barrier structure that is
most difficult to pass in the human body. The average
microvascular surface area per gram of tissue is 150 to 200
square centimeters, and the average BBB area of an adult is 12 to
18 square meters. The production and maintenance of BBB
function mainly depends on the interaction between brain-
microvessel endothelial cells (BMECs), and astrocytes and
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pericytes. These structures, capillary basal membrane, microglia,
and neurons are collectively called neurovascular units (NVU)
(as shown in Figure 2) (27, 41). In physiology, the BBB allows
molecules to pass through in several ways. The first way is
passive diffusion. Fat solubility and molecular weight determine
the efficiency of passive diffusion. When the molecular weight of
a molecule is greater than 400Da, fat solubility does not increase
the efficiency of its penetration through the BBB. At the same
time, a high polar surface area (PSA) greater than 80 A2 and the
tendency to form more than 6 hydrogen bonds are also
considered limiting factors for the entry of compounds into
the central nervous system. The second pathway is active efflux.
ATP-binding cassette proteins (ABC proteins) are expressed in
the endocortical membrane of the blood-brain barrier. They lead
to drug resistance characteristics of the CNS through the active
efflux of foreign molecules and endogenous metabolites. The
third pathway is carrier-mediated transport (CMT) through
specific carrier proteins. Amino acids, fatty acids, and other
substances cross through the BBB in this way. The fourth
pathway is transcytosis, which includes receptor-mediated
transcytosis (RMT), whereby larger molecules initiate
transcytosis either by binding to specific receptors, and
adsoptive-mediated transcytosis (AMT), which is based on
adsorption with a positive charge to specific sites in the cell
membrane (41).

2.2 BBB penetration by nanobodies after
systemic administration via blood

Nbs use similar physiological mechanisms to pass through
the BBB as those described above (Figure 2). Thereby it should
be taken into account that the concentration of the Nb that can
be obtained in the brain, depends not only on the ability of the
Nb to cross the BBB but also on its pharmacokinetic
characteristics. Studies using multivalent constructs of Nbs to
increase their avidity or using Nb constructs of which the serum
half-life had been increased via PEGylation or fusion with
another Nb targeting serum albumin, have revealed that
affinity and circulation time affect the uptake of Nbs in the
brain (20, 42). In addition, the fusion of Nbs with an Fc segment
can also increase circulating plasma half-life and increase brain
uptake (43). It is important, however, to note that fusing Fc
segments and Nbs alone may not necessarily be sufficient to
increase brain uptake, since in another study fusing Fc segments
to extend the time window for brain uptake did not increase BBB
crossing, which may be related to molecular weight, species
differences, or whether the Nbs themselves penetrate the
BBB (44).

A first method via which some Nbs can cross the BBB is via
RMT. The first Nbs described to cross the BBB via RMT were
FC5 and FC44 (45). FC5 binds to BMECs’ luminal o (2, 3)-
sialoglycoprotein receptor to trigger clathrin-mediated
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endocytosis (46), FC44 binds to a protein of about 36kDa on
BMECs, of which the identity needs further study (45).
Compared with Nbs EG2 and A20.1 (targeting extracellular
domain of EGFRVIII and C. difficile toxin A, respectively), FC5
and FC44 passed through an in vitro BBB model (SV-ARBEC)
more easily (50-100 folds) and also had a better CSF/serum
concentration ratio (20-40 folds) in vivo (47). Fusing the FC5 Nb
to a human Fc segment, improved serum pharmacokinetics and
resulted in an enhanced pharmacological action of chemically
coupled agents. A bivalent fusion of FC5 with Fc exhibited a
significantly increased transcytosis rate across the cerebral
epithelial monolayer as compared to a monovalent fusion (43).
Nbs targeting insulin-like growth factor receptors have been
studied as tools for brain delivery of biologics. In one study, three
Nbs targeting the extracellular domain of the human insulin-like
growth factor-1 receptor (IGFIR) showed transmigration across
an in vitro cell line-BBB model (SV-ARBEC). In vivo, fusions of
these Nbs with mouse Fc segment showed enhanced brain
uptake via RMT as compared to a control mFc. One of the
IGFIR Nb-mFc coupled with the non-BBB crossing analgesic
neuropeptide galanin also showed a dose-dependent analgesic
effect (48). More recently, Nbs targeting the transferrin receptor
have been produced as tools to deliver a biologically active
peptide to the brain via RMT. Peripheral injection of such Nbs
coupled with neurotensin, a neuropeptide that causes
hypothermia when present in the brain but is unable to reach
the brain from the periphery, resulted in hypothermia in mice
(49). Finally, also an anti-prion Nb, known as PrioV3, was
reported to be capable of crossing the BBB in vitro and in vivo
via RMT (50).

A limited number of Nbs have been reported to pass through
the BBB spontaneously via AMT. These Nbs generally have
higher pI (27), such as a Nb targeting GFAP (pI=9.4) (51), R3QV
targeting AP42 (pI>8.3) and A2 targeting Phosphorylated Tau
protein (pI>9.5) (19).

A third approach is to deliver Nbs across the BBB using
structures that can cross the BBB, such as glutathione targeted
PEGylated liposomes (52), multi-walled carbon nanotubes
(MWCNTs) (53), or Fe;O, nanoparticles (54). On the other
hand, Nbs can themselves be used to improve the targeting of
liposomes in the brain (55). It is worth noting that cell
penetrating peptides (CPPs), may also be useful for increasing
Nb penetration into the brain. Fusing Nbs to CPPs has allowed
the generation of cell-permeable Nbs, that can enter into living
cells via non-endocytic delivery (56). Although the
internalization process of this short amino acid sequence with
positive charge is still controversial, it has shown the ability to
help scFv targeting PrP>° and o-synuclein penetrating the BBB,
which should also be applicable to Nbs (57, 58).

In addition, a temporary increase in BBB permeability
through physical and chemical means can also improve the
ability of Nbs to pass through the BBB. Studies have shown that
intra-arterial administration can increase the uptake of Nbs in
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FIGURE 2

The structure of neurovascular units and several ways to increase BBB delivery of nanobodies. Brain-microvessel endothelial cells (BMECs),
astrocytes, pericytes, capillary basal membrane, microglia, and neurons make up neurovascular Units (NVU). The efficiency of nanobodies
crossing the BBB depends on altering BBB permeability or some physiological mechanisms of BBB crossing. AMT, adsorptive-mediated
transcytosis; RMT, receptor-mediated transcytosis; USMB, ultrasound and microbubble; MWCNT, multi-walled carbon nanotubes; AAV, adeno-

associated virus vectors; RBC, red blood cell; IA, intra-arterial.

the brain (59). Mannitol, as a hyperosmotic agent, can also
improve the ability of several Nb fusion molecules to cross the
BBB by weakening the junctions of BMECs (48, 51, 59). In a
recent study, the combination of ultrasound and microbubbles
(USMB) was found to enhance the permeability of drugs
through an in vitro epithelial cell (MDCK II) barrier. USMB
treatment increased epithelial cell permeability to large
molecular weight molecules (between 4 and 20 kDa) by 3-7
times while promoting the intracellular accumulation of the
same molecules. USMB doubled the paracellular permeability of
an anti-CXCR4 Nb and increased its binding to retinoblastoma
cells five-folds, suggesting a possible novel way to improve the
delivery of drugs to organs protected by tissue barriers such as
the BBB (60). The increase in brain temperature is also one of the
factors affecting the structural stability of the BBB (27). Finally,
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when the BBB is damaged by disease, the ability of Nbs to pass
through the BBB is naturally enhanced. This is why many studies
on disease-related Nbs show that they can spontaneously enter
the brain under pathological conditions where the BBB integrity
is compromised (51, 61).

2.3 Other administration methods of
nanobodies used for brain targeting

Less commonly used administration methods for Nbs
include intranasal, intrathecal/intraventricular administration,
and other local administration methods. For example,
intracerebroventricular injection of AP -secretase 1(BACE1)-
inhibiting Nb was reported to induce acute reduction of Ap load
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in blood and brain of transgenic AD model mice (62).
Intrathecal administration, which induces less damage than
intraventricular injection and has been extensively studied in
stroke and neurodegenerative disease models to deliver larger
molecules across the BBB (63), may also be an interesting
approach to deliver Nbs in the brain in the future. Pizzo et al.
have analyzed how IgG and Nbs distribute throughout the rat
brain in a size-dependent manner after intrathecal
administration. Both spread in the brain surface, and along the
perivascular space around all types of blood vessels studied,
whereby the percentage brain area accessed was strikingly
greater for the smaller sdAb than for the larger IgG (64).

Drugs delivered by intranasal administration can cross the
BBB by intracellular or paracellular pathways of the olfactory
nerve and trigeminal nerve (65), which is a good method of local
administration for drugs that cannot cross the BBB. Notably,
intranasally administered Nb against Transthyretin (TTR) was
found to cross the BBB. However, in that case also target-
mediated effects occurred, whereby in wild-type mice, the anti-
TTR Nb was specifically internalized in a receptor-mediated
process by motor neurons, whereas in TTR deficient mice, the
Nb was internalized by all cells, for late lysosomal
degradation (66).

In a completely different approach from the protein-based
methods, gene transfer strategies with adeno-associated virus
(AAYV) vectors can deliver Nbs directly to the CNS in a manner
that rather transports genes, and thus has long-term effects (67).

3 Diagnostic and therapeutic
applications of nanobodies in brain
diseases

3.1 Alzheimer's disease

Alzheimer’s disease (AD) is a degenerative disease of the
CNS. In addition to macroscopic manifestations of brain
atrophy, pathological phenomena in AD patients’ brain tissues
include tau-containing neurofibrillary tangles, amyloid B-
protein (AB) plaques, activated glia or enlarged endosomes,
which can be observed by microscopy. Also covert changes
such as loss of synaptic homeostasis, loss of integrity of
neurons or neuronal networks occur (68). The current
diagnosis and treatment of AD are based on biomarkers
related to its pathology and clinical manifestations of cognitive
impairment. Although the etiology of AD is unknown,
symptoms of cognitive impairment in AD can be detected by
neuropsychological testing. However, multiple brain diseases
may cause similar symptoms, so using biomarkers to achieve
differential diagnosis and clinical staging is a solution. The
biomarker diagnosis of AD is summarized as the ATN
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framework, i.e., “AB”, “Tau” and “neurodegeneration”,
including A: AB-PET (Positron Emission Computed
Tomography) of the brain, AB42 in body fluids or AP40/
AB42, T: Tau-PET, P-Taul81 or P-Tau2l7, N: FDG
(Fluorodeoxyglucose)-PET or MRI (showing brain atrophy
and distinguishing it from other diseases such as cerebral
hemorrhage), Total Tau, Neurofilament light (NfL), etc. (68).
A, P-Tau, and NfL in body fluids can be simply detected by
ELISA. The tracers used for AB-PET are ''C Pittsburgh
Compound-B (PIB), 18E_Flutemetamol, 18F—Florbetapir and
'""F-Forbetaben. The tracers used for Tau-PET is '®F-
Flortaucipir (68-70). Although antibodies are widely used in
ELISA and other technologies, antibodies have at present not
been used in the imaging diagnosis of AD, and no image-related
antibody tracer has entered clinical trials. Some preclinical
imaging studies have started to report the use of Nbs for
detecting AD-related biomarkers. For example, despite a brain
uptake yet too low for effective in vivo imaging, **™Tc-labeled
Nb pa2H targeting AP resulted in a small yet significant higher
cerebral uptake in APP/PS1 mice (71). R3QV, a Nb binding the
central 17~28 residues of AP, and Nb A2 targeting the C-
terminal of pTau protein, both have been reported to cross the
BBB (19). Site-specific labeling of R3QV with the contrastophore
gadolinium was used to design imaging probes for magnetic
resonance imaging (MRI) (72). In addition, gadolinium-based
nanoparticles were also chelated with radionuclies (**Ga®" or
"""In>*) or covalently bound with near-infrared pigments (such
as Cyanine5.5) to be used in vivo (73).

Notably, Nbs targeting AP oligomers (PrioAD12 and
PrioAD13) detected accumulation of AP oligomers in the retina,
which originated in peripheral blood and preceded cognitive decline
and brain deposition of oligomers. This provides an idea for early
detection of AD via an “eye test” (74, 75). In addition to the
identification of typical pathological molecules, the identification of
different forms of aggregation of the A} molecule is also of interest
because they appear in AD at different stages of the disease. The
V31-1 Nb recognizes the C-terminal of AB42 and only recognizes
monomers and oligomers in Western Blot (WB) and dot-blot
analysis (76). Similarly, Nbs A4 and EI exhibit strong affinity for
AP oligomers (77, 78). Another Nb, B10, showed recognition of the
AP fibril without recognition of the protein fragment AB1-40 or
weakly of the AP oligomers, indicating recognition of
conformational epitopes (79). In addition, Rutgers et al.
constructed eight Nbs targeting AP (ni3A, ni8B, va2E, vaE2,
valG, pa4D, pallE, pa2H), among which pa4D, pallE, and
pa2H can recognize AP in the vascular and parenchymal
depositions, while the other Nbs can only recognize AP in the
vascular depositions. This suggests that there may be differences
between AP epitopes in blood vessels and brain (80). Among
various tested Af-targeting Nbs, VHH ni3A showed the highest
transmigration efficiency in an in vitro blood-brain barrier model
(co-culture of bovine brain capillary endothelial cells and rat’s
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astrocytes) through active transport (81). Tau protein is also one of
the targets for AD, for example using Nb F8-2 targeting the C-
terminal of Tau protein (82).

Currently, the treatment methods of AD are not very effective.
In addition to conventional treatment of complications and
improvement of living habits, cholinesterase inhibitors such as
Donepezil and Rivastamine and similar drugs can only improve
the functional abnormalities caused by cholinergic neuron
damage in AD patients. Disease-modifying therapies targeting
AD pathological molecules have been widely studied, and many
antibody drugs have entered clinical trials (68, 83). On 2
November 2019, the State Medical Products Administration of
the People’s Republic of China (SDA) conditionally approved
Oligomannate, an acid oligosaccharide extracted from Marine
brown algae, for marketing with the pharmacological action of
preventing AP fibrils from forming and depolymerizing the
formed fibrils. The U.S. Food and Drug Administration (FDA)
announced On June 7, 2021 that it has approved Biogen’s
Aducanumab for the treatment of early-stage Alzheimer’s
disease (AD). Although its therapeutic efficacy is still debated,
there is no doubt that it has led to the development of AD
antibody drugs and disease-modifying therapies.

The use of Nbs to treat AD has also been investigated. Nbs
can play a therapeutic role by inhibiting fibrils aggregation and
blocking AP -induced neurotoxicity. AP oligomers were found
to be primarily toxic molecules rather than mature Af fibrils or
AP monomers. Nbs A4, E1, V31-1 can bind to AP oligomers,
inhibit their aggregation into AP fibrils and block AP oligomer
induced neurotoxicity to SH-SY5Y neuroblastoma cells (76-78).
Similarly, BIOAP prevents the formation of mature Af amyloid
fibrils by preventing the formation of fibrils in the protofibrils
stage (the stage before the formation of mature Af fibrils) (79).
In addition to inhibiting fiber aggregation, direct degradation of
AP is also a feasible method. Asec-1A could inhibit the toxicity
of AP aggregation to SH-SY5Y neuroblastoma cells by
hydrolyzing AP at the o-secretase site (84, 85). In addition,
the fusion of Nbs that can cross the BBB with therapeutic
molecules was also evaluated. In a longitudinal study with
treatment for 5 weeks using a BBB crossing Nb (FC5) fused to
an amyloid-f oligomer-binding peptide (ABP) via a mouse IgG
Fc fragment, PET showed a significant reduction in brain Ap
levels, MRI showed correction of hippocampal atrophy and
increased CSF AP ratio of 42/40 and decreased Nfl
concentration was found (86). Although AP is the primary
target for the treatment of AD, improvement in Tau pathology
is also of therapeutic significance. VHH Z70 recognizes the
PHF6 sequence, known for its nucleation capacity, and
effectively inhibits Tau aggregation in vitro and spread and
aggregation in FRET biosensor reporter cells. Local expression
of VHH Z70 in the brain using a lentiviral vector infection also
reduced tau spread in the Tau pathological mouse model THY-
Tau 30 (87). As a method of treatment, AAV-mediated delivery
of Nbs into the brain has also been evaluated, namely for the Nb
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targeting BACE1 (beta-secretase 1), a target in Alzheimer’s
disease (67). Nbs related to the diagnosis and treatment of AD
are summarized in Supplementary Table 1.

3.2 Parkinson'’s disease

Parkinson’s disease (PD) is a neurodegenerative disease of
which the incidence increases with age. Its etiology is complex
and is explained by gene environment interactions. The current
COVID-19 pandemic has raised concerns that COVID-19 may
increase the risk of PD sickness, because COVID-19 leads to low
body temperature and may cause neural degeneration following
nasal entry into the brain (88). Currently it is believed that the
pathophysiological characteristics of PD are the accelerated death of
dopaminergic neurons caused by the complex interaction of
abnormal o-synuclein aggregation with lewy bodies,
mitochondrial dysfunction, lysosomes or vesicle transport,
synaptic transport problems and neuroinflammation.
Macroscopic manifestations are symptoms caused by the loss of
dopamine cells in the substantia nigra striatum, such as typical
bradykinesia and less common depression and anxiety, etc. The
symptoms of disease are usually treated by levodopa (a precursor of
dopamine) (88).

At present, the diagnosis of PD mainly depends on
symptoms, that is, it does not meet the absolute exclusion
criteria, there are at least two supportive criteria, and there are
no red flags (89). However, diagnosis or scale dependent on
clinical manifestations cannot avoid some subjectivity, and
diagnosis combined with biomarkers will improve this
shortcoming and be more conducive to early diagnosis.

Nbs developed so far in the context of PD mainly target o-
synuclein, including NbSyn2 and NbSyn87 (90-93), which both
target the C terminal of o-synuclein, but the sequence targeted
by NbSyn2 is closer to the C terminal, and has less impact on the
aggregation of o-synuclein (93). Studies have shown that
selective phosphorylation of o-synuclein will significantly
change the affinity of NbSyn87 binding to it (94). Recently,
Nboi-syn01, a Nb targeting the n-terminal of a-synuclein, has
also emerged, and preferentially recognizes o-synuclein fibrils
rather than monomers (95). However, as far as PD diagnosis is
concerned, so far there have not been any Nb studies related to
brain imaging of diagnostic biomarkers.

Concerning medical treatment for PD, the ideas for reducing
the pathological aggregation of a-synuclein can be divided into
two ways: the first is to inhibit the aggregation of o.-synuclein
into fibrils, and the second is to degrade o-synuclein. Studies
have shown that both NbSyn2 and NbSyn87 can inhibit the
formation of o-synuclein fibrils in vitro, and their presence
reduces high forster resonance energy transfer (FRET) o.-
synuclein oligomer with greater toxicity, which in turn reduces
cell death, microglial activation and other injury responses (96).
Nba-syn01 can also inhibit the a-synuclein-seeded aggregation
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in vitro and reduce its toxicity to SH-SY5Y cells (95). Since o
synuclein in PD is mainly aggregated inside cells, its degradation
becomes more difficult. Constructing Nbs as intrabodies will
allow them to be expressed in cells. Meanwhile, fusion of
intrabodies with PEST amino acid sequences rich in prolyl(P),
glutamine(E), aspartic acid(D), serine(S) and threonyl(T)
residues can improve the intracellular solubility of intrabodies
and induce proteasome degradation (97). As such,
NbSyn87PEST intrabodies could degrade o-synuclein
aggregation in cell culture and reduce its cytotoxicity (98). In
subsequent studies, adeno-associated virus vectors were injected
into the substantia nigra through stereotaxic injections and it
was found that NbSyn87PEST intrabodies could significantly
reduce the pathological aggregation of a-synuclein. However,
compared with human sourced scFv VH14, NbSyn87PEST
showed no significant dopaminergic tone maintenance in the
striatum, and there was a certain inflammatory response (99).

In addition to targeting o-synuclein, targeting other PD-
related proteins is also a treatment method. For example, since
PD is usually associated with mutations of Leucine-rich repeat
kinase 2 (LRRK2) that increase its activity, a variety of Nbs
targeting different sites of LRRK2 have been developed as
inhibitors (100, 101). Nbs associated with PD diagnosis and
treatment are summarized in Supplementary Table 2.

Recent studies have found that the pathology of PD occurs in
blood, skin and other tissues. Although the specificity and
sensitivity of its diagnosis using peripheral markers are not all
high, this provides ideas for the development of diagnosis in the
future (102). In addition to the typical PD-related molecules,
damage-related molecules common to some diseases can also be
used as therapeutic or diagnostic targets, such as Nbs targeting
caspase-3 and Mitochondrial Rho GTPase 1 (Mirol). Nbs
against the former can resist cell damage caused by oxidative
stress in a variety of brain diseases, while the latter is associated
with mitochondrial homeostasis and is a potential biomarker or
therapeutic target after visualization or regulation by Nbs
(103, 104).

3.3 Brain tumor

3.3.1 Glioblastoma

Isocitrate dehydrogenase (IDH)-wildtype glioblastoma
(GB), previously termed as primary glioblastoma, is the most
common and malignant glioma occurring in adults (105), with a
peak incidence in the age group of 75 to 79 years old (106),
especially among Caucasians (107). Current standard treatment
for GB upon initial diagnosis is surgical resection followed by the
postoperative Stupp protocol, namely radiation and
concomitant chemotherapy with temozolomide (108).
Although the application of the Stupp protocol since 2005 has
significantly enhanced therapeutic effects, the median survival of
patients still doesn’t exceed two years (109), for which the
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essential reasons lie in the nature of the tumor. This WHO
grade IV diffuse glioma is characterized by heightened
invasiveness, intra- and inter-tumor heterogeneity, relative
resistance to therapy, and high recurrence rate, mainly due to
the mobility of glioblastoma stem cells (GSCs). It has a
profoundly immunosuppressive microenvironment mediated
by myeloid-derived suppressor cells (MDSCs), and further
affects the systemic immune status even without distant
metastases. Furthermore, gliomas exhibit a low mutational
burden and offer few therapeutic targets to the immune
system, severely limiting the efficacy of immunotherapy (110).
Given the lack of visual signals of all the tumor cells, part of the
cancer tissues remain inevitably after surgery. Meanwhile,
functional areas of the brain are frequently involved, which
poses challenges for surgeons to achieve the balance between
maximizing the extent of resection and minimizing neurological
morbidity. Further, the BBB remains a formidable hurdle for
drug delivery.

Although the molecular parameters of glioma have become
important criteria for GB classification and grading (105),
current clinical diagnosis still mainly relies on imaging
examination including CT, MRI and PET/SPECT. However,
CT/MRI can only observe the anatomical features of the tumor,
and the relatively high uptake of glucose by the cerebral cortex
makes the imaging specificity of 18F-FDG for brain tumors not
high (111). Not only this, the full course of glioma treatment
requires highly sensitive, non-invasive imaging strategies to
demarcate tumor boundaries, guide surgery, evaluate
therapeutic effects, and identify recurrence.

Given the difficulties in the diagnosis and treatment of GBs,
Nbs are attracting attention. A dual-target Nb aiming at EGFR/
EGFRVIII (wild type and mutant EGFR) -overexpressed in GB
cells, was labelled with Cy5.5 (a near infrared dye) for optical
imaging (112). Further, the Cy5.5-labelled Nb was attached to
small unilamellar vesicles loaded with the MRI contrast agent
Gd, achieving MRI/NIR bimodal imaging (55). However,
considering the heterogeneity of GB, researchers have tried to
find target binding antigens in the tumor microenvironment,
including the overexpressed insulin-like growth factor binding
protein 7 (IGFBP7) in the blood vessels of brain tumors (54), as
well as signal regulatory protein alpha (SIRPai) significantly
expressed by microglia- and monocyte-derived tumor-
associated macrophages (TAMs) (113). A recent study
reported that anti-SIRPou Nb labeled with **™Tc can
qualitatively display intracranial tumors (113).

A Dbasic idea of applying Nbs for GB treatment is to
antagonize key antigens in the progression of glioma. Zottel A
et al. first validated eight novel antigens of GB and then
examined the effects of four Nbs and their different
combinations on glioma cells in vitro. Among them, Nb225
(anti-TUFM) and Nb79 (anti-vimentin) showed good tumor
suppressive effect, with no harm to normal astrocytes (114). As
an alternative, Nbs have been used as the targeting moiety of
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immunotoxins, setting the stage for the cytotoxic part to come
into play. Some studies have used bivalent anti-EGFR Nb
coupled with pseudomonas exotoxin (PE) to potentiate killing
of GB tumor cells and tumor stem cells by pro—apoptotic tumor
necrosis factor-related apoptosis—inducing ligand (TRAIL).
Hereby, the receptor-targeted toxin upregulated TRAIL death
receptors and suppressed the expression of anti—apoptotic
proteins, thus overcoming TRAIL resistance in BG tumor cells
and tumor stem cells (115, 116). It is worth noting that a recent
study by Por¢nik A et al. focused on the molecular signatures
and driver genes behind the cellular subpopulations of GB, and
managed to relate tumor invasion with the expression pattern of
the transcription factor TRIM28 in the core and rim of the
tumor (117). Based on these findings, they generated Nb237 to
antagonize TRIM28 for reducing the invasiveness of GB cells,
and obtained favorable results in vivo using zebra fish embryos
xenografted with GB cells.

In recent years, photoimmunotherapy (PIT) has achieved
great progress. It combines near-infrared light, which is harmless
to the human body, and immunotherapy to selectively kill
cancer cells overexpressing specific antigens through the
activation of the light-activated substance IRDye700DX.
Researchers are also trying to apply this new strategy in the
treatment of GB. It was reported that US28, a foreign viral GPCR
encoded by human cytomegalovirus and expressed by tumor
cells, enhanced GB growth (118). Thus, a US28-targeting
bivalent Nb was developed, and further labelled with
IRDye700DX for PIT (119). An EGFR antibody-
photosensitizer conjugate AkaluxTM has been commercially
approved for head and neck malignancies (NCT02422979).
Using Nbs as targeting substances, PIT may open a new
chapter in glioma treatment.

3.3.2 Brain metastases

Brain metastases (BMs), the major type of adult brain tumor,
occur when primary tumor cells migrate through blood,
lymphatic or directly invade the brain. The most common
primary tumors giving rise to BMs are lung cancer, breast
cancer and melanoma, with proportions of 40%-50%, 15%-
20%, and 5%-20% respectively (120). With the progress of
radiotherapy and molecular targeted therapy, consensus has
been reached, that an individualized treatment plan should be
developed for patients with BM, using the optimal sequential use
of surgery, stereotactic radiosurgery, whole-brain radiation
therapy, targeted therapy, and immunotherapy (121).
However, given the difficulty of treatment, prevention of BMs
should be the focus, especially among the high-risk groups,
including patients with stage III/IV non-small cell lung cancer
(NSCLC), HER2+ breast cancer, and melanoma.

As compared to studies on Nbs for the theragnostics of GB,
research on the use of Nbs in the context of BMs is relatively
mature, probably because people have a better understanding of
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the pathological mechanism of the primary tumors and can
continue to use their well-developed Nbs. A notable example is
the attempt to utilize 2Rs15d for detecting and treating the BMs
of HER2pos breast cancer. 2Rs15d binds to the domain I of
HER?, different from the epitope recognized by trastuzumab and
pertuzumab (C-terminus of domain IV) (122) and maintains its
affinity to HER2 under conditions where the individual is
receiving HER2-targeted drug therapy, which enables 2Rs15d
derivatives to be used either as imaging probes for monitoring
the treatment effect or serve as an add-on treatment. In an early
study, 18F labeled 2Rs15d injected intravenously into mice
bearing intracranial HER2-expressing BT474M1 tumors,
successfully visualized the HER2pos brain tumor via PET,
with tumor-to-tissue ratios greater than 10:1 in major organs
except for kidney (123). When radiolabeled with 111In, similar
results were also observed in mice bearing either intracranial
SKOV3.IP1 or 231Br tumors via USPECT/CT (124). Quantum
dots (QDs), also known as semiconductor nanocrystals (semi-
conductor nanocrystals), have unique optical properties
compared with traditional dyes, and can detect target
molecules with extremely low concentrations, thereby
significantly improving detection sensitivity. According to one
study, anti-HER2 Nb fluorescently labelled with QDs could
efficiently assess micro-metastases even in thick tissue sections
using single- and two-photon imaging (125). Besides, in this
study, breast cancer cells were first transplanted into the
peripheral organs and tissues of animals to better simulate the
process of BMs. Overall, these results demonstrated the potential
of Nb-based imaging agents in BMs detection.

Further, radiolabeled 2Rs15d has exhibited therapeutic
potential. The same study where 111In-2Rs15d was
introduced, also coupled 2Rs15d with o—particle emitting
225Ac or PB-particle emitting 1311 (31). Mice bearing
intracranial tumors receiving either 225Ac-2Rs15d or 1311
-2Rs15d both had a longer median survival. Thereby, an o-
radionuclide such as 225Ac¢, an excellent therapeutic candidate,
may expand treatment options in addition to P-particle
radiotherapy. It is worth noting that 131I can release -
particles and y-rays simultaneously, showing theragnostic value.

Moreover, taking advantage of Nbs, efforts have been made
to tackle BMs of NSCLC. Precision medicine is the most
distinctive feature of lung cancer diagnosis and treatment.
Targeted therapy has become the core method for the
treatment of advanced (NSCLC), especially for relatively well-
researched targets such as EGFR and ALK. However, this also
faces a serious problem: resistance mutations of tumors. For
example, EGFRT790M is the major cause of the failure of first-
generation EGFR TKI, represented by gefitinib. In addition,
when tumors metastasize to the brain, drugs that do not easily
penetrate the BBB also lose their usefulness. To address the core
challenges of NSCLC BM and drug resistance, Yin W et al.
constructed a sophisticated liposomal system, T12/P-Lipo (126),
in which they attached a transferrin receptor (TfR)-binding
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peptide T12 and an anti-PDL1 Nb to the surface of the liposome.
PD-1/PD-L1 monoclonal antibody is a representative immune
checkpoint inhibitor (ICI). Although PD-L1 is not upregulated
in primary brain tumors, it is highly expressed in NSCLC cancer
cells, the surrounding TAMs and tumor vascular epithelial cells.
Hence, anti-PDL1 Nbs can be effectively used as targeting
ligands for nanocarriers. Regarding the latter, simvastatin (SV)
and gefitinib (Gef) were loaded into the engineered liposome,
whereby SV could promote the repolarization of TAM from M2
to MI, thereby re-sensitizing EGFRT790M cells to Gef. The
therapeutic efficacy of T12/P-Lipo was thus evidenced in the
BMs model of H1975 NSCLC(Supplementary Table 3).

3.4 Other brain diseases

Antibodies or antibody fragments such as Nbs are rarely
used in infectious diseases of the central nervous system. In a
recent study, Nbs VHHGY and VHHF3 targeting Neisseria
adhesin A (NadA), which can antagonize the interaction
between recombinant NadA and cell receptors, were
developed. The preincubation of Neisseria meningitidis with
VHHEF3 and VHHG9 could significantly reduce the adhesion of
neisseria meningitidis to human microvascular endothelial cells
in situ and prevent it from crossing a BBB model (human
BMEQCs) in vitro, providing a new treatment idea (127). Rabies
is also an infectious disease in which the CNS is mainly affected.
After infection, the virus invades the CNS through the peripheral
nervous system, presenting symptoms such as hydrophobia and
mania. There is a high risk of death from respiratory or
circulatory failure without early treatment, so post-exposure
treatment of rabies is very important. The use of antibodies to
neutralize the virus is a very effective way to reduce the cost of
post-exposure treatment. A variety of Nbs with high affinity and
low cost have been developed. For example, Nbs were linked
with a coil-coil peptide derived from the human cartilage
oligomeric matrix protein (COMP48) to form homogenous
pentavalent multimers called combodies 26424 and 26434]
(128) or bi-specific Nbs were developed that can target
albumin to increase blood half-life, which were then combined
with post-exposure vaccine prophylaxis (129, 130).

Prion diseases are rare CNS degenerative diseases of specific
etiology. They can be classified as sporadic, genetic, or acquired
(infection), such as Creutzfeldt-Jakob disease, fatal familial
insomnia, and Kuru disease. They are characterized by
accumulation and aggregation of prions or abnormally folded
proteins. Compared with the typical o-helix in normal PrP®
(Cellular Prion protein), the abnormally folded isoform PrP*
has a large number of B-folds and is partially resistant to
proteases, rapidly converting normal proteins into abnormal
proteins (131). Due to the special pathological manifestations
and specific pathological molecules of the disease, the diagnosis
is relatively clear (such as brain MRI and immunohistochemical
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detection of PrP* deposition, etc.), but there is no clear
treatment plan. At present, research on the use of Nbs in the
field of prion diseases has mainly been focused on studying of
the molecular interaction and developing a potential treatment.
For example, NB-PRP-01 targeting PrP° was reported to be co-
crystallized with PrP¢ (132). The mechanism of PrP
transformation was studied by the crystallization of Nb484
and full-length human PrP (133). It was further found that
Nb484 could bind to the hydrophobic region of mouse PrP,
inhibit its transformation and showed no neurotoxicity in
cultured sections (134). Nbs that simultaneously could cross
the BBB and have therapeutic effects will have the best
therapeutic significance. For example, PrioV3 Antibody has
been found to traverse in vitro or in vivo the BBB and inhibit
PrPS¢ accumulation in ScN2a Cells and ScGT1 cell lines, to
which Nbs themselves have not been shown to be neurotoxic
(50, 74).

Concerning degenerative diseases of the central nervous
system other than AD and PD, Nbs can also play a beneficial
role in Huntington’s disease. Similar to AD and PD,
Huntington’s disease is caused by a genetic mutation, in this
case one that causes abnormal Huntingtin proteins to
accumulate in nerve cells and affect nerve cell function. The
basal ganglia is usually the first to be affected, causing the chorea
symptoms. In 2015, the first Nb targeting the N-terminal
domain of Huntingtin protein was developed and reported to
show good affinity for human mutant and wild-type Huntingtin
protein (135). The use of Nbs as an intrabody may be a good
development direction given the intracellular aggregation of
Huntington’s protein, and other sources of intrabody have
been shown to be feasible early on (136).

There are also many diseases of the nervous system
characterized by an inflammatory response, such as multiple
sclerosis. Multiple sclerosis (MS) is a primary demyelinating
disease of unknown etiology, which may be related to genetic,
environmental, infection and other factors. The lesions are
extensive, including significantly reduced oligodendrocyte and
astrocyte proliferation. The current idea of treatment for MS is
to reduce inflammation and promote myelin regeneration. Since
multiple cytokines are involved in the mechanism of MS and
there are no typical pathological molecules like in degenerative
diseases, antibodies to treat MS usually target various cytokines
and immune cell surface antigens. At present, the targets of Nbs
that have been evaluated as a treatment option for MS are
TNFR1 and CXCL10. The anti-TNFR1 Nb TROS was shown to
inhibit inflammation in vitro and in vivo (137), TROS also
reduced neuroinflammation, preserved myelin and neurons in
the MS model (mog35-55 induced experimental autoimmune
encephalomyelitis, EAE) (138). The Nb 3Nb12 against CXCL10
was reported to block the CXCL10-CXCR3 binding and
effectively inhibit the chemotaxis of CXCR3-Transfected
HEK293T cells, which provides support for subsequent studies
on treatment and diagnosis (139).
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ALX-0681, with commercial name caplacizumab, is a Nb
targeting the A1 domain of vWF, and is able to instantly inhibit
the formation of microthrombi, significantly reducing the risk of
thrombosis in acquired thrombocytopenic purpura (aTTP)
(140). It was approved by the European Commission (EC) in
2018 for the treatment of adult patients with aTTP. Intriguingly,
ALX-0681 was developed as an advanced variant of ALX-0081,
also a bivalent vVWF-targeting Nb. Before ALX-0681 went into
clinical trials, ALX-0081 had been investigated in patients with
risk to develop thromboembolism. Although it failed in a
comparative Phase II randomized trial since it did not perform
better in reducing bleeding events compared with abciximab
(NCT01020383) (141), there was one study which demonstrated
its capability in reducing brain infarction (142). Specifically,
ALX-0081 was considered to block GPIb-vWF interaction, thus
preventing the complete occlusion of cerebral blood vessels,
promoting reperfusion, meanwhile mitigating the risk of
bleeding. In a number of clinical trials of caplacizumab, stroke
as a major event was used to evaluate the drug effect (143, 144),
however, whether caplacizumab can be used as an
antithrombotic drug in the context of cerebral infarction
remains unclear. In view that the current drug treatment for
thrombotic stroke comprising anti-platelets, anti-coagulation
and thrombolysis, but this cannot avoid the risk of brain
hemorrhage, we believe that the application of anti-vWF Nbs
is worth exploring (Supplementary Table 4).

4 Discussion and outlook

As molecules with small molecular weight, high affinity and
low immunogenicity, Nbs can be applied in a wide range of fields
and also offer specific advantages as compared to ordinary full-
size antibodies. For brain-related research, Nbs can be used to
develop a variety of microscopy imaging tracers for specific
targets, and Nbs can also serve as linkage molecules in genetic
regulators of specific genes.

Nbs are not only tools to study brain disease-related molecules,
but also can be developed into diagnostic reagents and therapeutic
drugs. At present, although there is no lack of innovation in the use
of Nbs for AD, PD, prion and other brain diseases, most
compounds under development are still in an early research and
preclinical phase. Studies of the therapeutic effect of the Nbs will
need to go beyond counteracting toxicity to cultured nerve cells and
address the effect on various pathological and neurological
manifestations in the disease models. Thereby, successful crossing
of the BBB remains an important attention point for diagnostic or
therapeutic targeting in brain diseases. Yet, examples we have given
such as that Nbs targeting the extracellular domain of the human
insulin-like growth factor-1 receptor (IGFIR) coupled with the
non-BBB crossing analgesic neuropeptide galanin also showed a
dose-dependent analgesic effect, point to conditions where Nbs can
indeed cross the BBB in vivo and exert a biological effect. Recent
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findings on autophagy dysregulation in AD, may offer an
interesting possible new direction. It has been found that
lysosomal acidification leads to a decrease in enzyme activity,
which in turn reduces the ability to decompose AP (145). In
addition, few research has been done on the treatment with Nbs
related to microglia, a crucial cell in central nervous system diseases.
Recent studies have shown that once activated by AP, microglia
reach a chronic tolerant phase as a result of broad defects in energy
metabolism and subsequently diminished immune responses,
including cytokine secretion and phagocytosis. Interferon-gamma
treatment reversed the defective glycolytic metabolism and
inflammatory functions of microglia and thereby mitigated the
AD pathology of 5XFAD mice (146). Microglia and their
modulators may also be targeted with Nbs, either as tracers for
imaging or even for therapeutics in case the suitable targets can
be identified.

With regard to brain tumors, although Nbs and Nb-derived
conjugates have many advantages for GB diagnosis and treatment,
there are also some potential pitfalls. For instance, in case of
systemic administration, effects on organs such as kidneys, liver
or spleen may cause dose-limiting toxicities. In addition, chemical
modification of Nbs may change their affinity, so it is necessary to
verify the affinity and specificity of the Nbs before and after labeling
or fusion with other compounds such as toxins. Moreover, the
above literature provides valuable clues for the clinical application of
Nbs, but before these schemes can be finally applied to the clinic
many obstacles and difficulties still need to be overcome, the most
important of which are the tumor heterogeneity of GB, and the
individualized selection of the targets. Multi-target combination
treatment strategies of immunotherapy and targeted therapy may
be an important research direction to solve this problem in the
future. Secondly, the evaluation of the treatment response of
immunotherapy is also another problem. A robust imaging and
molecular biology evaluation system will need to be established to
predict and monitor the efficacy of therapy in individual patients,
and there also Nbs may play a role. Also for the early detection of
BMs, Nb-based molecular imaging holds great application
prospects and, as a targeting molecule, Nb also greatly assists in
drug delivery and radioimmunotherapy, allowing relatively mature
treatments for peripheral lesions to have the opportunity to work in
the brain. The ultimate requirement will mainly be clinical dose-
response studies to address whether sufficient amounts of the Nbs
can be obtained across the BBB to effectively eliminate cancer cells
in the brain, under conditions with acceptable toxicity, both in the
brain and in peripheral organs.

It is worth to mention that, in the current review, we have
mainly focused on the use of Nbs as research tools and tracers
for in vivo imaging and therapy. In addition, Nbs can also be
used as tracers in microcantilever sensors (147) and organic
transistors (148, 149) for early detection of diseases or pathogen
detection. At the same time, the lower cost of producing Nbs
compared to monoclonal antibodies makes them suitable for
manufacturing in vitro diagnostic kits. At present, the research
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and development of high-sensitivity detection devices for the
detection of brain diseases is still in a relatively early stage and
warrants further studies. But biosensors using Nbs definitively
show promising potential for rapid, low-cost and large-scale
screening for brain diseases such as AD in the future (150).

Overall, there is still a lot of innovation to be explored in the
application of Nbs in the field of brain diseases.
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Introduction: The Epidermal Growth Factor Receptor is a member of the Erb
receptor tyrosine kinase family. It binds several ligands including EGF,
betacellulin (BTC) and TGF-a, controls cellular proliferation and invasion and
is overexpressed in various cancer types. Nanobodies (VHHSs) are the antigen
binding fragments of heavy chain only camelid antibodies. In this paper we
used NanoBRET to compare the binding characteristics of fluorescent EGF or
two distinct fluorescently labelled EGFR directed nanobodies (Q44c and Q86¢)
to full length EGFR.

Methods: Living HEK293T cells were stably transfected with N terminal NLuc
tagged EGFR. NanoBRET saturation, displacement or kinetics experiments
were then performed using fluorescently labelled EGF ligands (EGF-AF488 or
EGF-AF647) or fluorescently labelled EGFR targeting nanobodies (Q44c-
HL488 and Q86c-HL488).

Results: These data revealed that the EGFR nanobody Q44c was able to inhibit
EGF binding to full length EGFR, while Q86c was able to recognise agonist
bound EGFR and act as a conformational sensor. The specific binding of
fluorescent Q44c-HL488 and EGF-AF488 was inhibited by a range of EGFR
ligands (EGF> BTC>TGF-a).
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Discussion: EGFR targeting nanobodies are powerful tools for studying the role
of the EGFR in health and disease and allow real time quantification of ligand
binding and distinct ligand induced conformational changes.

KEYWORDS

EGFR, nanobody, BRET, NanoBiT, fluorescence

Introduction

The epidermal growth factor receptor (EGFR) is a glycoprotein
0f 170 kDa, encoded by a gene located on chromosome 7p11.2 (1).
It has a cysteine-rich extracellular region, a single transmembrane
spanning region and an intracellular domain with tyrosine kinase
activity (2). Its extracellular portion is subdivided into four distinct
regions with domains I and III containing the sites for EGF binding
and the cysteine-rich domains II and IV containing N-linked
glycosylation sites. The first step of EGFR activation has been
proposed to involve ligand-induced dimerization of EGFR, leading
to stimulation of its intracellular kinase domain and
autophosphorylation of EGFR at multiple intracellular tyrosine
residues (3). This results in the recruitment of downstream
signalling proteins such as Src homology domain-containing
adaptor protein C (Shc), growth factor receptor-bound protein 2
(Grb2) and phospholipase Cy (PLCy) (1, 2, 4).

X-ray crystallography using purified extracellular regions of
EGEFR produced the original elegant scheme for ligand-induced
EGFR dimerization (5). Binding of EGF to domains I and III
stabilizes an extended conformation and exposes a dimerization
interface in domain II, promoting self-association with a Kp, in
the micromolar range (5-10). However, this model does not
capture the complex ligand-binding characteristics seen for cell
surface full-length EGFRs in intact cells, where there is
increasing evidence of negative cooperativity (7) and distinct
affinity states for ligand-binding and intracellular signalling (4,
8-10).

Insight into the structural origins of EGF/EGFR binding
complexity has been provided by studies of the Drosophila
EGFR (dEGFR), which, unlike its human counterpart, retains
its negative cooperativity when the soluble extracellular regions
are isolated and purified (11). This work has shown that single
ligand occupied asymmetric dimers can form (7, 11, 12).
Mutations that block EGFR dimerization (Y251A and R285S)
do not reduce ligand affinity (9) but do abolish EGFR signalling
(6, 13). Furthermore, extracellular EGFR-activating mutations
(R84K and A265V or A265D) enhance ligand-binding affinity
without directly promoting EGFR dimerization, suggesting that
these particular oncogenic mutations alter the allosteric linkage
between dimerization and ligand binding (9).
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EGEFR is activated by seven different growth factors (14),
which fall into two groups based on receptor-binding affinity
(10). The high-affinity ligands are EGF, transforming growth
factor-a. (TGF), betacellulin (BTC) and heparin binding EGF-
like growth factor (HB-EGF) and the low-affinity ligands are
epiregulin, epigen and amphiregulin (10). Individual EGFR
ligands also induce qualitatively and quantitatively different
downstream signals (15-17). Recent crystallographic and
cellular studies have shown that two EGFR ligands, epiregulin
and epigen, drive the purified EGFR extracellular domains into
dimers, each resulting in different structures (10). The resulting
ligand-induced dimers were weaker and more short-lived than
those induced by EGF itself, suggesting that epiregulin and
epigen are both partial agonists of EGFR dimerization (10).
Unexpectedly, this weakened dimerization elicited more
sustained responses than EGF, provoking responses in breast
cancer cells associated with differentiation rather than
proliferation (10). In addition, recent cryo-EM structures of
full-length EGFR bound to EGF or TGFa have revealed
differential stabilization of quaternary structures of EGFR
dimers where the membrane proximal tips of domain IV are
either juxtaposed or separated (18). EGF and TGFo differ in
their ability to maintain the conformation with the membrane-
proximal tips separated (18).

Heavy-chain antibodies have been described in species
belonging to the camelid family that can target EGFR (19).
Heavy chain antibodies are composed of two identical heavy
chains and do not contain a light chain (19). Their antigen-
binding part is therefore composed of a single immunoglobulin
(Ig) variable region (VHH or nanobody) that can be easily
incorporate into, and expressed from, a plasmid and
genetically engineered to generate novel receptor specific
probes. This approach has revealed nanobodies that bind to a
similar site to EGF on the receptor (20, 21) and others that bind
to EGFR but do not compete for EGF binding and are non-
activating (20, 22). EgB4 is an example of the latter category of
EGEFR nanobody that has previously been used to evaluate gross
movements of the extracellular domains of EGFR with respect to
a fluorescent membrane dye (23). We have recently
demonstrated for G protein-coupled receptors that receptor-
specific nanobodies can be used to monitor ligand binding and
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conformation changes using NanoBRET technology (24). In the
present study we have used N-terminal nanoluciferase-tagged
EGFR and NanoBRET to investigate the pharmacological
properties of a fluorescent derivative of EgB4 (Q86c-HL488)
and a second fluorescent nanobody that binds to the EGF-
binding site (Q44c-HL488) in a similar manner to the previously
described 7D12 (21).

Materials and methods
Materials

Epidermal Growth Factor fluorescently labelled with Alexa
Fluor 488 (E13345) or Alexa Fluor 647 (E35351) were purchased
from Thermo Fischer Scientific (Waltham, USA). Human
recombinant TGF-alpha (239-A-100), human recombinant
betacellulin (261-CE-010), human recombinant epiregulin
(1195-EP-025), human recombinant amphiregulin (262-AR-
100), human recombinant epigen (6629-EP-025) and human
recombinant EGF (236-EG-200) were purchased from R&D
Systems (Minnesota, USA). Purified LgBiT, FuGENE HD
Transfection Reagent and furimazine were purchased from
Promega Corporation. Opti-MEM reduced serum medium was
purchased from Gibco (31985062). Q44c and Q86¢, containing
an unpaired cysteine in the C-terminal tag, were provided by
QVQ (Utrecht, The Netherlands).

DNA constructs

c¢DNA encoding N terminal fusions of EGFR to NanoLuc or
HiBiT were a kind gift from Promega Corporation, with the
EGFR OREF originally obtained from the Kazusa DNA Research
Institute (Kisarazu, Japan). For N-terminal NanoLuc tagged
constructs, EGFR lacking its native signal sequence, was
cloned into a pNKFI1-secN CMV vector fusing the signal
peptide sequence of IL-6 onto the N terminus of NanoLuc.
The resulting vector encoded NanoLuc fused to the N-terminus
of EGFR via a Gly-Ser-Ser-Gly (AIA) linker (termed NLuc-
EGFR). For N-terminal HiBiT tagged constructs, HiBiT
(VSGWRLEFKKIS) was inserted after the signal peptide from
IL-6 and fused to EGFR using a GSSG linker (termed
HiBiT-EGFR).

Cell culture

Human embryonic kidney (HEK293) cells stably expressing
N-terminal NanoLuc-tagged EGFR (NLuc-EGFR) and wildtype
HEK293 cells were cultured in Dulbecco’s Modified Eagle
Medium-high glucose (DMEM; D6429, Sigma Aldrich)
containing 10% fetal calf serum (FCS; F7524, Sigma Aldrich)
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at 37°C/5% CO,. Cells were passaged at 70% confluency using
phosphate bufter saline (PBS; D8537, Sigma Aldrich) and trypsin
(0.25% w/v in versene; T4174, Sigma Aldrich). All stable and
transient transfections were performed using FuGENE HD
(Promega Corporation) at a reagent to cDNA ratio of 3:1
following manufacturer’s instructions. We confirm that these
cell lines are mycoplasma free.

Nanobody production, purification
and conjugation

Nanobodies were produced in Saccharomyces cerevisiae
(strain VWKI18 gall) as described previously (25). Purification
was performed using a CaptureSelect C-tagXL column
(#494307205, Thermo Fisher Scientific) and pH elution (20
mM citric acid, 150 mM NaCl, pH=3). After dialyzing against
PBS, protein purity and integrity was verified by SDS PAGE
under reducing conditions, and protein concentration was
determined by UV Vis measurement at 280 nm. Q44c and
Q86¢ were site-directionally conjugated to HiLyteTM Fluor 488
C2 maleimide (AS-81164, Anaspec, Fremont, USA) using the
unpaired thiol in the tag (later called Q44c-HL488 and Q86¢-
HL488). First, thiols were reduced using 2.75-times molar excess
of Tris(2-carboxyethyl)phosphine (TCEP) (0797C437, Sigma-
Aldrich) for 3 hours at 37°C. Then, a 4-times molar excess of
Hilyte' " Fluor 488 C2 maleimide dissolved in DMSO was
added. After 5 minutes of incubation at room temperature, the
remaining TCEP and dye were removed using 2 Zeba
desalting spin columns (89882, Thermo Fischer Scientific).
Degree of labelling was determined using UV-VIS
spectrometry and was >0.5. The amount of free dye was
assessed upon size separation by SDS-PAGE followed by a
fluorescence scan (Ex: 475 nm, Em > 520 nm, D-Digit
Scanner, LI-COR Biosciences, Lincoln, USA) and was<5%.

NanoBRET ligand and nanobody
saturation binding assays

HEK293 cells stably expressing NLuc-EGFR were seeded
onto poly-D-lysine coated (Sigma Aldrich; 0.1 mg-mL™") 96-well
flat bottom, HCLEAR® white CELLSTAR® TC plates (Greiner
Bio-One 655098, Stonehouse, UK) in 100 uL DMEM, at a
density of 40,000 cells/well. Plates were incubated at 37°C /5%
CO, overnight. The next day, culture media was removed, and
each well washed with 100 uL of HEPES buffered Salt Solution
(HBSS) (2 mM of sodium pyruvate, 146 mM of NaCl, 5 mM of
KCl, 1 mM of MgS0O,.7H,0, 10 mM of HEPES, 1.3 mM of
CaCl,.2H,0, 1.5 mM NaHCOs;, 10 mM D-glucose; pH 7.45)
containing 0.2% BSA. After this washing step, fluorescently
labelled EGF ligands (0-100nM) or nanobodies (0-200nM)
were added to the appropriate wells in increasing
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concentrations (in the presence or absence of 100nM EGF) in 50
uL total volume of HBSS per well. Cells were incubated in the
dark at 37°C for 30 minutes. 12.5 nM final concentration of
furimazine was added to each well and cells were incubated for a
further 5 minutes. Fluorescence and luminescence emissions
were simultaneously detected using a PHERAstar FS dual plate
reader (BMG Labtech, Offenburg, Germany). When using red
fluorescently labelled EGF (EGF-AF647) emissions were
detected using an optic module fitted with a 460 nm (80 nm)
bandpass filter for collecting luminescence (NLuc) emissions
and a >610 nm long pass filter for fluorescence emissions
(AF647). For green fluorescently labelled EGF (AF488) or
labelled nanobodies (Q44-HL488 or Q86-HL488) emissions
were detected using an optic module fitted with a 475 nm (30
nm) band-pass filter for collecting luminescence emissions and a
535 nm (30 nm) band pass filter for fluorescence emissions
(AF488). Raw BRET ratios were calculated by dividing
fluorescence emissions by luminescence emissions, and the
results were plotted using GraphPad Prism 9.2 (GraphPad
Software, La Jolla, CA).

NanoBRET nanobody displacement assay

HEK293 cells stably expressing NLuc-EGFR (40,000/well) were
plated onto poly-D-lysine-coated white 96-well plates as described
above. After overnight incubation at 37°C/5% CO,, cells were washed
with HBSS containing 0.2% BSA. Increasing concentrations of non-
fluorescent ligands or nanobodies were simultaneously added
alongside a fixed concentration of fluorescent EGF (EGF-AF488 or
EGF-AF647) or nanobody (HL488 tagged) to each well in a 50 uL
final volume of HBSS containing 0.2% BSA. Cells were incubated for
30 minutes at 37°C/5% CO, in the dark. A 12.5 nM final
concentration of furimazine was added to each well. Fluorescence
and luminescence were measured simultaneously using a
PHERAstar FS dual plate reader as described previously.

Nanobody kinetics assay

HEK293 cells stably expressing NLuc-EGFR (40.000/well)
were plated onto poly-D-lysine-coated white 96-well plates as
described above and incubated overnight at 37°C/5% CO,. The
next day cells were washed with 100 pL of HBSS containing 0.2%
BSA. 45 pL of HBSS containing furimazine (12.5 nM final
concentration) was added to each well. Baseline BRET
measurements were undertaken using a PHERAstar FS dual
plate reader for 15 minutes at 37°C every 60 seconds. After
baseline measurement, fluorescent nanobodies (3.125 - 200nM)
were added to the cells. Plates were read for 2 hours, every 60
seconds at 37°C. For EGF competition assays, increasing
concentrations of non-fluorescent EGE (10™"% - 107M) were
added 30 minutes after nanobody addition and measurements
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continued for a further 90 minutes at 37°C using a BRET 1 plus
optical module.

NanoBIT internalization assay

HEK293 cells (20,000/well) were plated onto poly-D-lysine-
coated white 96-well plates as described previously and
incubated at 37°C/5% CO, overnight. The next day cells were
transfected with 100 ng per well of HiBiT-EGFR c¢cDNA with
FuGENE HD Transfection Reagent using a 3:1 DNA/FuGENE
HD ratio in OptiMEM following manufacturer’s instructions.
Cells were then incubated at 37°C/5% CO, overnight. The next
day culture media was removed, and cells were washed with
HBSS once. Cells were incubated with 100nM EGF, Q44 or Q86
nanobodies in HBSS containing 0.02% BSA for 120, 60, 30 or 5
minutes at 37°C. Plates were then washed once using HBSS/
0.02% BSA and then incubated with 10 nM of purified LgBiT
and furimazine (1/400 dilution) diluted in HBSS/0.02% BSA for
20 minutes. Luminescence was then measured using a
PHERAstar FS plate reader (BMG Labtech, Offenburg,
Germany) using the LUM Plus optical module.

Data analysis

All data obtained from NanoBRET assays were determined
from BRET ratios calculated using Microsoft Excel:

Emission from acceptor channel
BRET ratio = P

Emission from donor channel

Data were analysed using GraphPad Prism 9.20 (GraphPad
Software, La Jolla, CA, USA). Data are presented as mean +
S.EM. All experiments were performed in 5-6 independent
experiments with triplicate wells (see figure legends for
details). Drug additions were randomly allocated to wells
within each 96-well plate. Statistical significance was defined
as P<0.05.

Saturation binding curves were fit to the following equation:

L]
(L]

Total Binding = B —_—
ota inaimng MAX . KD

+M.[L]+C

where [L] is the concentration of fluorescent ligand (nanobody or
EGEF), Byax is the level of maximal specific binding, Kp is the
equilibrium dissociation constant of the labelled ligand in the same
units as [L], M is the slope of the non-specific binding component,
C represents the background BRET ratio (in the absence of
fluorescent ligand). In the case of EGF-AF488 or EGF-AF647,
total and non-specific binding (obtained in the presence of 100 nM
EGF) were fitted simultaneously with shared parameters for M and
C. In the case of Q86c-HL488, total binding curves obtained in the
presence or absence of 100 nM EGF were fitted simultaneously to
the above equation with shared parameters for M and C.
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Competition binding data were fit to following equation:

(100 x [4])

% Inhibition of specific bindingzm
50

where [A] is the concentration of unlabelled ligand and ICs, is
50% of the
specific binding of the fluorescent ligand. In the case of EGF-
AF488 and EGF-AF647 competition experiments, the ICs,
values were then used to calculate the K; values using the

the concentration of ligand required to inhibit

Cheng-Prussoff equation:

[L}

K; =

1+

where [L] is the concentration of fluorescent ligand in nM, and

Kp is the dissociation constant of that fluorescent ligand in nM.

In the case of Q86c-HL488 binding experiments where

increasing concentrations of EGFR ligands produced a marked

increase in the level of specific binding, the data were fit to the
following equation:

(100 x [A])

% Increase in specific binding:m

where [A] is the concentration of unlabelled EGFR ligand and
ECsy is the concentration of ligand required to produce 50% of
the maximum increase in the specific binding of the
fluorescent ligand.
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For HiBiT internalization experiments, all data were
normalised to relative luminescence units obtained for buffer
only (HBSS/0.02% BSA; 100%) for each individual experiment.
Normalised data across experimental replicates were then
pooled and statistical significance was determined using one
way ANOVA and defined as P<0.05.

Results

Effect of Q44c and Q86¢ on EGF ligand
binding to NLuc-EGFR

Initial studies were undertaken to investigate the effect of
unlabelled Q44c and Q86¢ on the binding of fluorescent
analogues of EGF to the full-length EGFR receptor expressed
in living HEK293 cells. Both EGF-AF488 and EGF-AF647
exhibited saturable binding to the N-terminal nanoluciferase-
tagged EGFR (NLuc-EGFR) that was displaceable by 100 nM
unlabelled EGF (Figures 1A, C). The mean Kp, values obtained
for EGF-AF488 and EGF-AF647 were 2.30 + 0.09 nM (n=5) and
349 +
concentrations of unlabelled EGF were able to potently inhibit
the specific binding of different concentrations of EGF-AF488
(Figure 1B) and EGF-AF647 (Figure 1D) yielding pKi values for
unlabelled EGF of 9.35 *+ 0.02 (n=5) and 9.61 *+ 0.06 (n=5)
respectively. Consistent with Q44c binding to the same epitope

0.21 nM (n=5) respectively. Furthermore, increasing

-® EGF-AF647 -© EGF-AF647 + 100 nM EGF

S

60 80 100
[EGF-AFW] [nM]

BRET ratio
°
H

-~ 11nM EGF-AF647
-O- 5.5nM EGF-AF647

- 2.20M EGF-AF647
O+ 1.1nM EGF-AF647

—————
M2 41 0 9 8 7 6 5
[EGF] (M)

Quantification of fluorescent EGF binding to HEK293 cells stably expressing a full-length N-terminal nanoluficerase (NanoLuc) tagged-EGFR
measured using NanoBRET. Saturation binding of fluorescently labelled (A) EGF-AF488 and (C) EGF-AF647 in the absence (closed circles) or
presence (open circles) of 100 nM unlabelled EGF added simultaneously and incubated for 30 minutes at 37°C. Saturation experiments were
performed in HBSS containing 0.2 % BSA. Displacement of various fixed concentrations of (B) EGF-AF488 or (D) EGF-AF647 by increasing
concentrations of unlabelled EGF. Both ligands were added simultaneously, and cells incubated for 60 minutes at 37°C. The NLuc substrate
furimazine (12.5 nM) was added and plates incubated for 5 minutes then luminescence and fluorescence emissions were measured using a BMG
Pherastar. Displacement experiments were performed in HBSS containing 0.1 % BSA. Closed bars represent fluorescent EGF alone, with open
bars representing vehicle (HBSS/0.1% BSA). Data are combined mean + SEM from five independent experiments, where each experiment was

performed in triplicate.
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as EGF on the EGFR, this nanobody was able to potently
displace the binding of both 3 nM EGF-AF488 (pICs, = 8.63 +
0.05, n=>5; Figure 2A) and 3 nM EGEF-AF647 (pICsy = 8.61 +
0.15, n=>5; Figure 2B). In contrast, Q86¢ showed no significant
effect on the binding of both fluorescent EGF analogues at
concentrations up to 100 nM (Figures 2A, B).

Binding of fluorescent nanobodies
Q44c-HL488 and Q86¢-HL488 to
NLuc-EGFR

Next, the ability of fluorescently labelled Q44c and Q86¢ to
bind to full-length N-terminal nanoluciferase-EGFR was

A
0.14
o 0.13
= o EGF-488+Q86c
¥ 012 -o- EGF-488+Q44c
o
- EGF-488+EGF
011
o.1a-®
A2 A 10 9 8 7
0%
(’5’? log [Nb and EGF] (M)
At

FIGURE 2

10.3389/fimmu.2022.1006718

investigated using NanoBRET. Genetic introduction of a C-
terminal cysteine residue into the nanobody sequence allowed a
directional attachment of a fluorophore (HiLyte Fluor488;
HL488) to both nanobodies without affecting their binding
properties. Both Q44c-HL488 and Q86¢c-HL488 were able to
bind to NLuc-EGFR and demonstrated a clear saturability of
specific binding. Analysis of the ligand-binding isotherms
assuming that there was both a saturable component of
specific binding and a linear component of non-specific
binding revealed Kp, values of 14.94 + 1.04 nM (n=5) and 3.21
+ 1.10 nM (n=>5) for Q44c-HL488 and Q86¢-HL 488 respectively
(Figure 3). In the presence of 100 nM EGF, the specific binding
of Q44c-HL488 was completely prevented leaving only the
expected linear non-specific component of binding

B
0.0060
° 0.0055 [)
E - EGF-647+Q86«
15 0.0050. ) ©
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>

Displacement of (A) EGF-AF488 (3 nM) or (B) EGF-AF647 (3 nM) by unlabelled-EGFR nanobodies Q44c, Q86c and unlabelled EGF. NanoBRET
experiments were performed using HEK293 cells stably expressing full-length N-terminal nanoluciferase-EGFR. Fluorescently labelled EGF and
competing unlabelled ligands were added simultaneously and incubated for 30 minutes at 37°C. Experiments were performed in HBSS
containing 0.2% BSA. The NLuc substrate furimazine (12.5 nM) was added and plates incubated for 5 minutes then luminescence and
fluorescence emissions were measured using a BMG Pherastar. Blue bars represent BRET ratios obtained for total EGF-AF488 or EGF-AF647
binding in the absence of competing ligand, whereas red bars represent those measured for HBSS/0.2% BSA buffer alone (basal). Data are
combined mean + SEM from five independent experiments, where each experiment was performed in triplicate.
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Saturation binding of fluorescently (HiLyte™ Fluor 488) labelled EGFR nanobodies (A) Q44c-HL488 and (B) Q86c-HL488 in absence (closed
circles) or presence (open circles) of 100 nM EGF. NanoBRET experiments were performed using full-length N-terminal nanoluciferase-EGFR
stably expressing HEK293 cells. Nanobodies and EGF were added simultaneously and incubated for 30 minutes at 37°C. Experiments were
performed in HBSS containing 0.2 % BSA. The NLuc substrate furimazine (12.5 nM) was added and plates incubated for 5 minutes then
luminescence and fluorescence emissions were measured using a BMG Pherastar. Data are combined mean + SEM from five independent

experiments, where each experiment was performed in triplicate.
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Effect of EGFR ligands on the binding of fluorescent (A) Q44c-HL488 (14.6 nM) and (B) Q86c-HL488 (12.5 nM) to full-length N-terminal nanoluciferase-
EGFR stably expressed in HEK293 cells. Cells were treated with nanobodies and EGFR ligands simultaneously and incubated for 30 minutes at 37°C.
Experiments were performed in HBSS containing 0.2 % BSA. The NLuc substrate furimazine (12.5 nM) was added and plates incubated for 5 minutes
then luminescence and fluorescence emissions were measured using a BMG Pherastar. Blue bars represent BRET ratios obtained for total Q44c-HL488
or Q86c-HL488 in the absence of competing ligand, whereas red bars represent those measured for HBSS/0.2% BSA buffer alone (basal). Data are
combined mean + SEM from five independent experiments, where each experiment was performed in triplicate.

(Figure 3A). In marked contrast, in the presence of 100 nM EGF
the specific binding of Q86c-HL488 was markedly enhanced
leading to a significant increase (437.6 + 57.3%, n=5) in the
Byax value (p<0.005; paired t test) compared to that obtained in
the absence of EGF (Figure 3B). In addition, the Kp value of
Q86¢c-HL488 obtained in the presence of 100 nM EGF was
slightly decreased (1.18 £ 0.28 nM, n=5).

The specific binding of Q44c-HL488 was inhibited by a
range of EGF ligands with a rank order of potency of
EGF>BTC=Hb-EGF>TGF-0>ERG>AREG and Epigen
(Figure 4A and Table 1). A very similar rank order of potency
was obtained with these ligands for their enhancement of the
specific binding of Q86¢-HL488 to NLuc-EGFR (Figure 4B and
Table 1). Thus, molecules that bind with higher affinity to the
EGF binding site are more efficient in modifying the binding
of Q86 to EGFR. The rank order of potencies was also
comparable to that obtained from inhibition of the binding
of 3 nM EGF-AF488 (Table 1), although the actual EC5, and
ICs values for modulating the binding of both Q44c-HL488
and Q86¢-HL488 were at lower concentrations than the pKi

value calculated from displacement of EGF-AF488 binding
(Table 1). This was most marked for TGF-o. and probably
confirms that the EC5y and ICs, values also relate to agonist
efficacy and the consequences of receptor activation and
conformational changes.

Kinetic analysis of the binding of both Q44c-HL488 and
Q86¢-HL488 to NLuc-EGFR indicated that at the higher
concentrations of fluorescent nanobody used in these
experiments, two components were observed in their kinetic
profiles represented by a fast pronounced peak in the BRET ratio
followed by a decline to a lower plateau (Figures 5A, B). This was
more marked for Q86¢c-HL488 (Figure 5B) and might suggest a
time-dependent change in receptor conformation or the onset of
a component of receptor internalisation. Addition of EGF after a
steady plateau of binding had been achieved with 25 nM
fluorescent nanobody, yielded an expected inhibition
(Figure 6A) or stimulation (Figure 6B) of Q44c-HL488 and
Q86¢c-HL488 binding to EGFR respectively. Interestingly, the
stimulatory effect of EGF on Q86¢-HL488 was characterised by a
slow fall to a lower plateau after the initial peak was obtained.

TABLE 1 plICso and pECsq Values for the effect of EGFR ligands on the binding of 14.6 nM Q44c-HL488 or 12.5 nM Q86c-HL488 to full-length N-

terminal nanoluciferase-EGFR in HEK293 Cells.

EGFR Ligand Q44c-H1488 (pICsy)
EGF 9.23 + 0.1 (n=5)
Hb-EGF 8.80 + 0.13 (n=5)
TGF-0. 7.96 + 0.19 (n=5)
BTC 9.02 + 0.14 (n=5)

Values are mean + S.E.M of n individual experiments.

Q86¢-HL488 (pECso) EGF-AF488 (pKi)

9.52 + 0.06 (n=5) 8.86 + 0.07 (n=5)
920 + 0.17 (n=5) 8.43 + 0.08 (n=5)
8.32 + 0.09 (n=5) 6.83 + 0.05 (n=5)
9.17 % 0.09 (n=5) 8.45 + 0.05 (n=5)

These values have also been compared with their pKi values determined from inhibition of binding of 3 nM EGF-AF488.
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FIGURE 5

Kinetic NanoBRET experiment showing the binding of different concentrations of fluorescent (A) Q44c-HL488 or (B) Q86c-HL488 to full-length
N-terminal nanoluciferase-EGFR. The concentrations of Q44c-HL488 and Q86c-HL488 are given in nM. HEK293 cells stably expressing NLuc-
EGFR were treated with furimazine (12.5 nM) and luminescence and fluorescence values were read for 15 minutes (every 60 sec) at 37°C using a
BMG Pherastar. Experiments were performed in HBSS containing 0.2 % BSA. Following this period, cells were treated with various
concentrations of either fluorescent nanobody and the luminescence and fluorescence emissions simultaneously recorded for a further 100

min at 37°C. Data are mean + SEM from triplicate determinations in a single experiment. This single experiment is representative of five

independent experiments performed.

Interactions between Q44c and Q86¢c

To evaluate whether there were interactions between Q44c
and Q86¢ in binding to full-length N-terminal nanoluciferase-
EGFR we undertook competition binding experiments with
their fluorescent analogues. Unlabelled Q44c had no effect on
the specific binding of Q86¢c-HL488 under conditions where
the positive effect of EGF could be clearly demonstrated
(Figure 7A). Q86c¢ did, however, produce an inhibition of
Q86¢c-HL488 binding at the highest concentrations used. As
expected, both unlabelled Q44c and EGF inhibited the binding
of Q44c-HL488 consistent with the proposal that Q44c and
EGF bind to the same epitope of EGFR (Figure 7B).
Interestingly, Q86c was able to produce a small but
significant (p<0.05; One-way ANOVA) enhancement of

A
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FIGURE 6

Q44c-HL488 binding (Figure 7B) reminiscent of the effect of
the low affinity EGF ligands on the binding of Q86¢c-
HL488 (Figure 4B).

Effect of unlabelled Q44c and
Q86¢c on EGFR internalization measured
using NanoBiT

To determine whether the fall to a plateau from an initial
peak in the kinetic profile of Q44c-HL488 and Q86c¢c-HL488
binding was due to the onset of receptor internalization, we
studied EGFR internalization in response to unlabelled EGF,
Q44c or Q86¢ using N-terminal HiBiT-tagged EGFR (26). In
this approach, purified LgBiT is added after the agonist

Q86¢-HL488
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Kinetics of EGF-induced changes in the NanoBRET signal obtained with fluorescent (A) Q44c-HL488 or (B) Q86c-HL488 binding to NLuc-EGFR.
HEK293 cells stably expressing full-length N-terminal nanoluciferase-EGFR were treated with furimazine (12.5 nM) and, luminescence and fluorescence
values were read for 15 minutes (every 60 sec) at 37°C using a BMG Pherastar. Following this period, cells were treated with 25 nM of either respective
fluorescent nanobody and luminescence and fluorescence emissions simultaneously recorded for a further 30 min at 37°C. After 30 minutes, various
concentrations of EGF were added to the wells and measurements continued for a further 30 minutes at 37°C. Data are mean + SEM from triplicate
determinations in a single experiment. This single experiment is representative of five independent experiments performed.
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FIGURE 7

The effect of unlabelled Q44c, Q86c and EGF on the binding of fluorescent (A) Q44c-HL488 (14.6 nM) and (B) Q86¢c-HL488 (12.5 nM) to full-
length N-terminal nanoluciferase-EGFR. NanoBRET experiments were performed using NLuc-EGFR stably expressing HEK293 cells. Cells were
treated with either nanobody and EGF simultaneously and incubated for 30 minutes at 37°C. The NLuc substrate furimazine (12.5 nM) was
added and plates incubated for 5 minutes then luminescence and fluorescence emissions were measured using a BMG Pherastar. Experiments
were performed in HBSS containing 0.2 % BSA. Data are combined mean + SEM from five independent experiments, where each experiment

was performed in triplicate

stimulation period. As LgBiT is itself not membrane permeable,
luminescence detected from re-complemented full length
nanoluciferase is indicative of the EGFR population still
remaining at the cell surface after agonist stimulation. Using
this approach, 100 nM EGF induced significant receptor
internalization within 5 min of agonist administration which
was not seen with Q86¢ and Q44c (Figure 8). These data suggest
that the fall in luminescence at high concentrations of both
Q44c-HL488 and Q86c-HL488 following attainment of the
initial peak is more likely a consequence of molecular
rearrangement. However, the fall in signal from Q86c-HL488

following EGF addition could be explained by EGF-induced
receptor internalization.

Discussion

In the present study we have used small (circa 15 KDa)
fluorescent camelid nanobodies targeting the human EGFR to
investigate ligand-binding and conformational changes induced
by agonists in living cells. Q44c-HL488 binds to ligand-free
EGFR but not to EGF-occupied receptors suggesting that it
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FIGURE 8

Effect of unlabelled Q44c, Q86¢ and EGF on EGFR internalization measured using NanoBiT. HEK293 cells transiently expressing HiBiT-EGFR
cDNA, were treated with EGF (100 nM), Q44c (100 nM) or Q86c¢ (100 nM) in HBSS/0.02% BSA for 5, 30, 60 or 120 minutes at 37°C. Purified
LgBiT (10 nM) and furimazine (1:400 dilution) were then added and cells incubated for a further 20 minutes at 37°C to allow NanoBiT
recomplementation (leading to the formation of full-length nanolucifierase) and furimazine oxidation to occur. Luminescence emissions were
then measured using a BMG Pherastar. Data are mean + SEM from quadruplicate observations in a single experiment pooled from 5 (120
minutes incubation) and 7 (5, 30, 60 minute incubations) independent experiments. Data were normalized to vehicle controls (100%) and
statistical significance determined using a one way ANOVA (**** = P<0.0001)
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binds to an epitope close to the EGF-binding site on domain III
and can sterically interfere with the binding of EGF (20, 21). To
test this directly, we used a N-terminal nanoluciferase-tagged
variant of EGFR (NLuc-EGFR) expressed in living cells and
monitored the binding of fluorescent variants of EGF and Q44c
using NanoBRET (27-29). The proximity requirements (<10
nm) of the NanoBRET approach provided a very sensitive
measure of specific binding to EGFR. Q44c-HL488 was able to
directly bind to ligand-free EGFR with high affinity, and
unlabelled Q44c was able to compete for specific EGF-AF488
binding to EGFR. The specific binding of Q44c-H1L488 to EGFR
was fully displaced by 100 nM unlabelled EGF and 100 nM non-
fluorescent Q44c was able to fully prevent the binding of either
EGF-AF488 or EGF-AF647 to NLuc-EGFR. In keeping with
previous observations (10), other higher-affinity EGFR ligands
(TGFa, BTC, HB-EGF) potently inhibited the binding of Q44c-
HL488 whilst low-affinity ligands epiregulin, epigen and
amphiregulin were considerably weaker with only epiregulin
producing a small but significant displacement of Q44c-HL488
binding when used at a maximal concentration (100nM). Q44c-
HL488 binding could, however, be completely prevented by
unlabelled Q44c.

In marked contrast to the data obtained with Q44c-H1488,
Q86¢c-HL488 was able to bind with high affinity to both ligand-
free and EGF-occupied receptors. Also, unlabelled Q86¢ had no
effect on the binding of EGF-AF488 or EGF-AF647 to NLuc-
EGFR at concentrations up to 100nM. Similarly, EGF did not
inhibit the binding of Q86¢-HL488 to EGFR. EGF did, however,
produce a marked enhancement (438%) of the BRET signal
obtained with Q86c-HL488. This was mimicked in a
concentration-dependent manner by all EGFR ligands with
EGF, HB-EGF, BTC and TGF-a being the most potent,
epiregulin producing a modest response and both epigen and
amphiregulin producing very weak but observable stimulations
at the highest concentrations employed (100 nM). The most
likely explanation for this significant increase in Q86¢-HL488
BRET induced by EGFR ligands is that it represents a
conformational change related to the agonist-induced
extended conformation of EGFR and exposure of the
dimerization interface in domain II leading to receptor
homodimerization (5-10). This is in keeping with the recent
receptor X-ray crystal structures of Q86 (EgB4) alone and bound
to the full extracellular EGFR-EGF complex in its extended
active conformation (30)). It is also interesting that Q86¢ can
induce a small enhancement of Q44c-HL488 binding (but not
EGF-AF488 or EGF-AF647 binding) which suggests that there
are subtle differences in the binding of EGF and Q44c¢ to domain
III of EGFR.

NanoBRET is dependent upon both close proximity (<10
nm) but also the orientation of the donor and acceptor moieties.
Thus, conformation changes can have a profound impact on
both the relative orientation and proximity of the donor and
acceptor elements of the proteins of interest (29, 31).
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Furthermore, if as expected EGFR dimerization is induced
(32), then there is also scope for additional BRET between the
Q86¢-HL488 and the N-terminal nanoluciferase on the
opposing as well as the same protomer, resulting in an
enhancement of the final BRET signal observed. The
differences in the final BRET signal observed with high affinity
and low affinity EGFR ligands might therefore reflect differences
in the structure of the dimers generated (10) in addition to the
affinity differences observed for binding to EGFR. Q86 (EgB4)
has been shown previously to not compete for EGF-binding to
EGEFR (20, 22). Furthermore, in keeping with its ability to sense
conformational changes in EGFR reported here, Q86 (EgB4) has
previously been used to evaluate gross movements of the
extracellular domains of EGFR from the plane of the cell
membrane (23). This would be consistent with the detection
of an extended conformation capable of forming homodimers.

The kinetic analysis of the binding of both Q44c-HL488 and
Q86¢-HL488 to NLuc-EGFR indicated that at the higher
concentrations of nanobody used in these experiments, two
components were observed in their kinetic profiles represented
by a fast pronounced peak in the BRET ratio followed by a
decline to a lower plateau. This would be consistent with either
some limited conformation rearrangement of EGFR following
binding of the nanobody or a nanobody-induced receptor
internalisation. Furthermore, addition of EGF after a steady
plateau of binding had been achieved yielded the expected
inhibition (for Q44c-HL488 binding) or stimulation (for
Q86¢-HL488 binding). The two phases were most apparent for
Q86¢c-HL488 and it is interesting that the subsequent
stimulatory effect of EGF was characterised by a fall to a lower
plateau after an initial rapid peak was obtained. If a
conformational rearrangement is responsible for this effect
then it is likely that this is a consequence of negative
cooperativity (4, 7-10) across the dimer interface. For
example, an overshoot of ligand binding to an extended active
EGFR conformation could occur before the asymmetric dimers
are formed leading to loss of nanobody or EGF from one of the
protomers due to negative cooperativity across the dimer
interface. Similarly, there is evidence for ligand-independent
dimerization of non-active EGFRs which is dependent upon
close proximity of the intracellular juxtamembrane domains
(33-35). Negative cooperativity across the juxtamembrane
dimer interface of non-active EGFRs could also explain the
complex kinetic profiles of the binding of Q44c-HL488 and
Q86¢c-HL488 in the absence of EGF.

The simplest explanation, however, for the fast pronounced
peak in the BRET ratio followed by a decline to a lower plateau
observed with EGF, Q44c-HL488 and Q86¢-HL488 is that they
are inducing a rapid internalization of a proportion of the cell
surface receptors. In order to investigate this, we took advantage
of the NanoBiT internalization assay developed by Soave et al
(26). In this approach a small eleven amino acid fragment of
nanoluciferase (HiBiT) (26, 36, 37) was added to the N-terminus
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Schematic of Q44c and Q86c¢ binding on domain Ill and | of the EGFR respectively. While EGF binding to the EGFR alters the EGFR
conformation and causes the dissociation of Q44c, this conformational rearrangement leads to closer proximity of Q86c with the

nanoluciferase tag (illustrated by the blue circle) on EGFR.

of EGFR. Following stimulation of EGFR with EGF or
nanobody, the large 156 amino acid fragment (LgBiT) of
nanoluciferase was added to allow complementation of full
length nanoluciferase and reinstatement of the luminescence
signal following addition of furimazine (26, 35). Since LgBiT is
cell impermeable, luminescence provides a good measure of the
population of EGFR remaining at the cell surface (26, 37). This
approach was able to confirm that EGF can induce
internalization of the EGFR receptor. The effect of EGF was
rapid (occurring within 5 min) and sustained over the 120 min
of the experiment. These data are in keeping with the well-
established internalization of EGFR after agonist treatment (38—
40). However, internalization was not seen with the two
nanobodies Q86¢ and Q44c. These data suggest that the fall in
luminescence at high concentrations of both Q44c-HL488 and
Q86¢c-HL488 following attainment of the initial peak is more
likely a consequence of conformational change and allosteric
regulation which might alter the stability of the nanobody at its
binding site. However, the fall in signal from Q86c-HL488
following EGF addition could be secondary to EGF-induced
receptor internalization.

In summary, the present manuscript has used NanoBRET
and NanoBiT technologies in combination with fluorescent
nanobodies to demonstrate the direct binding of Q44c-HL488
and Q86¢-HL488 to two different sites on the full-length EGFR
receptor in living cells (Figure 9). Q44c-HL488 was able to
inhibit EGF binding to full length EGFR consistent with the
proposal that it binds to domains I and III of EGFR in a similar
manner to 7D12 (21) (Figure 9). In contrast, Q86¢c-HL488 can
bind to EGF-bound EGFR and act as a conformational sensor by
detecting the change to an open conformation of the receptor on
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EGF binding (Figure 9). This conformational change reveals the
dimerization domain II and facilitates EGFR dimerization.
These data suggest that these two nanobodies will be powerful
tools for studying the role of EGFR in both health and disease.
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For adenoviruses (Ads) to be optimally effective in cancer theranostics, they
need to be retargeted toward target cells and lose their natural tropism.
Typically, this is accomplished by either engineering fiber proteins and/or
employing bispecific adapters, capable of bonding Ad fibers and tumor
antigen receptors. This study aimed to present a simple and versatile
method for generating Ad-based bionanoparticles specific to target cells,
using the SpyTag-SpyCatcher system. The SpyTag peptide was inserted into
the HI loop of fiber-knob protein, which could act as a covalent anchoring site
for a targeting moiety fused to a truncated SpyCatcher (SpyCatcherA) pair. After
confirming the presence and functionality of SpyTag on the Ad type-5 (Ad5)
fiber knob, an adapter molecule, comprising of SpyCatcherA fused to an anti-
vascular endothelial growth factor receptor 2 (VEGFR2) nanobody, was
recombinantly expressed in Escherichia coli and purified before conjugation
to fiber-modified Ad5 (fmAd5). After evaluating fmAd5 detargeting from its
primary coxsackie and adenovirus receptor (CAR), the nanobody-decorated
fmAd5 could be efficiently retargeted to VEGFR2-expressing 293/KDR and
human umbilical vein endothelial (HUVEC) cell lines. In conclusion, a plug-
and-play platform was described in this study for detargeting and retargeting
Ad5 through the SpyTag-SpyCatcher system, which could be potentially
applied to generate tailored bionanoparticles for a broad range of specific
targets; therefore, it can be introduced as a promising approach in cancer
nanotheranostics.
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Introduction

Recently, various nano-sized viral and non-viral vectors
(nanovectors) have been employed in cancer theranostics to
the
Considering numerous advantages and disadvantages of the

maximize efficacy, while minimizing side effects.
nanovectors (Supplementary Table S1), bionanoparticles can
be excellent alternatives to inorganic nanoparticles owing to
their higher biocompatibility and biodegradability (Chung
et al, 2020). The optimal bionanoparticles for cancer
theranostics should be capable of self-assembly, targeting, cell
entry, and endosomal escape. Accordingly, viruses have been
applied as great naturally occurring nanocarriers for theranostic
applications (Somiya et al.,, 2017).

Among various viral vectors, adenoviruses (Ads) have been
extensively used in clinical trials for gene therapy and vaccination
due to their high in vivo stability and gene transfer efficiency
(Ginn et al,, 2018; Singh et al., 2019). More importantly, the
safety of Ad-based vectors has been advocated in preclinical and
clinical trials (Hajeri et al., 2020). Despite the strong safety profile
of these vectors, besides remarkable advances in Ad vector-
mediated gene therapy, their clinical application remains
challenging. The challenges are mainly attributed to the broad
tropism of Ad vectors due to the high affinity of Ad fiber-knob
domains for cellular receptors, including the widely expressed
coxsackie and adenovirus receptors (CARs) (Zhang and
Bergelson, 2005). In contrast, cancer cells mainly have low/no
expression of native Ad receptors (Okegawa et al., 2001). It is
that the CAR distribution the Ad

biodistribution in vivo; therefore, intravenous administration

known influences
of Ads may result in liver toxicity owing to the higher rate of
liver transduction (Tao et al., 2001). Accordingly, Ad vectors
modified with active targeting modalities have been developed to
deal with the resistance of tumor cells and non-specific uptake
toxicity and to facilitate efficient gene delivery with fewer side
effects.

So far, various detargeting and retargeting methods have
been proposed and investigated in the literature, including the
modification of capsid proteins (e.g., hexon, fiber, and penton)
and implementation of bispecific adapter molecules. The
majority of previous studies have focused on alterations in the
fiber protein, which is a crucial component of capsid, with a
significant contribution to Ad tropism. Generally, the fiber
protein is a homotrimeric, antenna-shaped protein, which
connects with the penton base to generate penton capsomers
found at the icosahedral Ad virion vertices (Krasnykh et al,
2000). Ad5 uses a two-step process to penetrate into cells. First,
the knob domain of the fiber must connect with the primary CAR
on target cells. Second, the penton base makes contact with
integrin receptors on the cell surface, triggering viral uptake via
receptor-mediated endocytosis (Wickham et al., 1993; Tomko
et al., 1997).
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While genetic modification has been a prosperous approach
for virus targeting, successful incorporation of extraneous
moieties into capsid proteins requires extensive protein
engineering, which is both challenging and time-consuming.
Besides, replacement of the capsid fiber protein mainly results
in the production of structurally unstable vectors (Noureddini
and Curiel, 2005; Waehler et al, 2007). Also, some targeting
ligands require post-translational modifications, such as disulfide
bonds that are not present in the cytoplasm or nucleoplasm of
cells, where the fiber and Ad particle production occurs
(Magnusson et al., 2002).

Comparatively, adapter-based systems that can couple
various adapters into the same vector are flexible platforms
with no impact on the vector structure. They concurrently
eliminate native viral tropisms and facilitate a novel tropism
toward the desired target (Dmitriev et al., 2000; Pereboev et al.,
2004). However, the majority of adapter systems have drawbacks
that limit their potential use in theranostics. The most significant
disadvantage of adapter systems is the suboptimal stability of the
vector-adapter complex because of unanticipated interactions
with other elements that interrupt non-covalent binding
(Waehler et al,, 2007). To address this challenge, methods that
can produce Ad vectors capable of binding to other molecules
through covalent interactions, without any need for virus
engineering, can be effective.

The SpyCatcher/SpyTag system, a protein-peptide pair
forming an isopeptide bond when exposed to each other, has
been introduced to create universal vectors (Zakeri et al., 2012).
This system is based on the immunoglobulin-like collagen
(CnaB2) pyogenes,
containing an internal isopeptide bond between Lys31 and
Aspl17 (Oke et al,, 2010; Li and Fierer, 2014). This isopeptide
bond is stable over a wide range of pH, temperatures, redox

adhesion domain of  Streptococcus

environments, and detergents (Dovala et al,, 2016). Since its
introduction in 2012, the SpyTag-SpyCatcher system has been
implemented in various studies, involving bioactive hydrogels
(Sun et al, 2014), thermostabilized proteins (Schoene et al,
2014), multivalent antigen-presenting vaccines derived from
virus-like particles (Brune et al, 2016), and lentivirus
retargeting (Kasaraneni et al., 2017).

The present study aimed to investigate whether Ad tropism
can be altered by the SpyTag-SpyCatcher system, resulting in
covalent binding between the virus and the targeted adapter
molecule. For this purpose, the feasibility of native Ad5 fiber
replacement with a recombinant fiber containing the SpyTag
peptide was assessed. Besides, the ability of the modified fiber to
bind to the SpyCatcher, as well as the ablation of CAR-mediated
internalization of virions following bioconjugation with the
SpyCatcher, was examined. Subsequently, a retargeted Ad
vector was generated as a model using an adapter molecule,
which was constructed through the genetic fusion of SpyCatcher
with a nanobody specific to vascular endothelial growth factor
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FIGURE 1

A schematic representation of the development process of pfmAd5-GFP. The pFiberShuttle and pAdeasy-1 constructs were first co-

transformed into E. coli BJ5183 for a homologous recombination (HR) to generate pAdeasy-1 containing SpyTag. This vector was then used in HR
with pAdTrack-CMV containing an EGFP gene to create pfmAd5-GFP. The pAd5-GFP, as the control virus, was developed using intact pAdeasy-1and
pAdTrack-CMV for HR.
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receptor-2 (VEGFR2), as one of the main targets for the
inhibition of tumor angiogenesis.

Based on the results, the recombinant Ad vector with a
SpyTag peptide in its HI loop could robustly engage the
adapter molecule to target VEGFR2-expressing cells through a
CAR-independent cell entry mechanism. According to the
findings, this functionalized Ad vector has great potential
applications in cancer theranostics. To the best of our
knowledge, this is the first study to evaluate Ad functionality
following fiber modification via insertion of SpyTag into the HI
loop and its bioconjugation with the targeting SpyCatcher-
containing adapter molecule.

Materials and methods
Construction of modified Ad vector

The protocol proposed by Wu and Curiel was used to
produce a pFiberShuttle vector, containing the SpyTag peptide
within the knob HI loop (Wu and Curiel, 2008). Accordingly, a
3.5-kb fragment from the plasmid pAdeasy-1 (Addgene, Uniteed
States), encompassing a fiber-coding gene and homologous
recombination (HR) arms, was subcloned in pUC-19 between
EcoRI-Kpnl restriction sites. Subsequently, a 670-bp fragment,
incorporating a 13-amino-acid SpyTag coding sequence
(AHIVMVDAYKPTK) following amino acid G543 in the HI
loop, was ordered to be synthesized by Biomatik (Ontario,
Canada). It was then subcloned between AfIII-BgIII digestion
sites of the 3.5-kb, subcloned fragment to replace the homologous
segment of the intact fiber.

Additionally, to generate a fiber-modified Ad5, an E1 and E3-
deleted backbone vector, that is, pAdeasy-1, was used. To
facilitate recombination, the pFiberShuttle vector and the
backbone should be linearized near or in the position of the
fiber gene. Accordingly, a unique Swal cut site was introduced
into the fiber gene of pAdeasy-1 vector. For this purpose,
pAdeasy-1 was first digested with BamHI, and the produced
11,753-bp fragment, containing the fiber gene and a unique Ndel
restriction site, was subcloned into the pBluescript-SK vector
(Addgene, Uniteed States) (Wu and Curiel, 2008). Afterward, a
pair of oligonucleotides (Supplementary Table S1) containing the
Swal cut site, as well as sticky ends that ligate in the Ndel
restriction site, were synthesized and inserted into the
corresponding Ndel cut site of the subcloned, 11,753-bp,
the
pAdeasy-1 fragment was replaced with the modified fragment

fiber-coding fragment. Finally, intact homologous
containing the Swal cut site.

The fiber-modified Ad backbone vector (pfm-Ad5) was
constructed by homologous recombination (HR) between the
linearized pFiberShuttle vector and the modified pAdeasy-1 in
E. coli BJ5183 (Figure 1). Polymerase chain reaction (PCR) with

specific primers (Supplementary Table S1) was performed to
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verify the presence of SpyTag sequence in the Ad5 backbone
fiber. The pfm-Ad5 vector was then used to generate the
recombinant Ad, encompassing an enhanced green fluorescent
protein (EGFP) expression cassette (pfmAd5-GFP) through HR
with linearized pAdTrack-CMV vector (Addgene, Uniteed
States) (Figure 1).

Additionally, an unmodified Ad5-GFP virus was produced
following HR between unchanged pAdeasy-1 and linearized
pAdTrack-CMV. To confirm HR, the recombined vectors
and digested with Pacl, followed by

the AD-293 line,
Lipofectamine™ 2000 Transfection Reagent (Invitrogen,
Uniteed States) fmAd5-GFP and Ad5-GFP.
Following the production of fmAd5-GFP, the presence of

were extracted

transfection  into cell using a

to rescue
SpyTag in the fiber protein was confirmed via Ad genome
extraction with a QIAamp DSP Virus Kit (Qiagen, Germany),
followed by PCR and fiber sequencing. The fmAd5-GFP and
Ad5-GFP titers were determined by the Median Tissue Culture
Infectious Dose (TCIDs) assay (Herrmann and Bucksch, 2014).

Recombinant protein expression

The DNA fragment encoding SpyCatcherA, a protein with
21- and 14-amino-acid truncations at the N and C termini of the
original protein, respectively (Kasaraneni et al., 2017), was
synthesized by Biomatik (Ontario, Canada); it also harbored a
14-amino-acid hinge sequence at its C-terminus. Subsequently,
the fragment was subcloned in the pET-28a (+) bacterial
expression plasmid (Novagen, Uniteed States) to generate
pET28Catcher. Additionally, to generate a SpyTag-expressing
plasmid, a pair of oligonucleotides (Supplementary Table SI)
containing the SpyTag sequence and sticky ends for ligation into
the Kpnl and Sall cut sites was synthesized and subcloned into
the pET-32a (+) plasmid (Novagen, Uniteed States). The
plasmids were then transformed into E. coli Rosetta (DE3),
and protein expression was induced by the addition of 1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG) for 4 hours at
37°C in a Lysogeny broth (LB) culture medium. The expressed
SpyCatcherA and TrxA-SpyTag proteins were then purified
using Ni-NTA agarose columns (Qiagen, Germany), according
to the manufacturer’s protocols.

To evaluate the ability of SpyCatcherA to create an isopeptide
bond with SpyTag, the purified SpyCatcherA (15.8 kDa) was
incubated with TrxA-SpyTag (19.4 kDa) at a molar ratio of 1:
1 for 1 hour at room temperature. The protein bioconjugation
was tested by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Additionally, to assess the
ligation of fmAd5-GFP with the SpyCatcherA, 5x10° TCIDs5,
of the virus was incubated with 10puM of the purified
SpyCatcherA for 2hours at 37°C. Next, the mixture was
denatured by boiling in a sample buffer for 5 minutes at 95°C
and subsequently analyzed by SDS-PAGE. The protein was
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finally blotted onto a polyvinylidene difluoride (PVDF)
membrane and developed with ECL Plus Substrate for
Western blotting (Thermo Fisher Scientific, Uniteed States)
after sequential incubation with a locally-obtained anti-
SpyCatcherA serum and goat anti-mouse IgG-HRP (Abcam,
United Kingdom). The Ad5-GFP was used as the control virus.

To generate an adapter molecule, encompassing a VEGFR2-
specific nanobody fused to the SpyCatcherA, the nanobody-
coding gene was amplified from the p2.2-Nb plasmid (Ahani
et al, 2016)
SpyCatcherA-coding sequence in the pET28Catcher plasmid
through a flexible SGSGSSGAS linker. The construct was then
subcloned in the pHEN6C expression vector containing a

and subcloned at the N-terminus of the

C-terminal His6 tag. Next, it was transformed into E. coli
WKG6 cells and induced for protein expression and purification
as previously described (Rouet et al., 2012). Finally, the ability of
the adapter molecule to covalently bind to the SpyTag was
examined by SDS-PAGE.

Moreover, for the Ad5 fiber knob expression, its coding
sequence was amplified from pAdEasy-1 (Yang et al, 2006)
and subcloned into pET-32a (+). The expression parameters
were similar to those of the abovementioned proteins.
Nonetheless, due to protein aggregation, phosphate-buffered
saline (PBS), containing 2% glycerol and 0.01% Tween 20,
was used as dialysis buffer and protein solvent for protein
purification.

Cell lines

In this study, the Chinese hamster ovary cell line (CHO-K1),
the human embryonic kidney cell line optimized for Ad
propagation (AD-293), the A549 human lung epithelial cell
line with a high expression of CARs, the 293/KDR cell line
stably overexpressing VEGFR2, and human umbilical vein
endothelial cells (HUVEC) as the primary VEGFR2-expressing
cell line were used. The cell lines present in this study were
obtained from the National Cell Bank of Pasteur Institute of Iran.
The AD-293, 293/KDR, and A549 cells were grown in Dulbecco’s
Modified Eagles Medium (DMEM, Biosera, Philippines),
containing 10% heat-inactivated fetal bovine serum (FBS;
Gibco, Uniteed States) and antibiotics (100 U/mL of penicillin
and 100 pg/ml of streptomycin) (Biosera, Philippines). The
CHO-K1 and HUVEC cells were cultured in DMEM-F12
(Biosera, Philippines), containing 10% FBS and antibiotics as
described above.

The CHO-K1 cell line, which stably expresses SpyCatcherA
on its surface (CHO-Spy), was developed through transfection
with a pDisplay plasmid (Thermo Fisher Scientific, Uniteed
States), encoding SpyCatcherA, according to a previously
described protocol (Mortensen et al., 1997). Briefly, before
transfection, the susceptibility of CHO-K1 to G418 (BioBasic,
Canada) was determined to be 0.4 mg/ml. Transfection was
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performed with a Lipofectamine 2000 Transfection Reagent.
The medium was replaced 48 h after transfection, and fresh
DMEM-F12, containing 0.5 mg/ml of G418, was added to the
medium. Next, the cells were serially diluted into a 96-well plate
and incubated for 14 days to isolate the monoclonal cell line.
Twelve monoclonal cells were selected and expanded to analyze
the SpyCatcherA expression by flow cytometry (CyFlow, Partec,
Germany), using the anti-SpyCatcherA serum and goat anti-
mouse IgG-PE antibody (Thermo Fisher Scientific, Uniteed
States).

Transduction of CHO-K1 and CHO-Spy by
Ad vectors

The CHO-K1 and CHO-Spy were cultured at 1.5-2x10°
cells/well in 24-well plates and infected with fmAd5-GFP and
Ad5-GFP vectors at multiplicity of infection (MOI) of 10, 50, 100,
200, 500, and 1000 TCIDsg/cell for 2 hours. Subsequently, the
medium was removed, and 0.5 ml of DMEM/Nutrient Mixture
F-12 (DMEM/F-12), containing 2% FBS, was added to each well.
The transduction efficiency was evaluated by measuring the
fluorescence of cells after 48 h of incubation at 37°C, using
fluorescent microscopy and flow cytometry.

CAR-binding inhibition assay

The A549 cells were first cultured in a 24-well tissue culture
plate at a density of 1x10° cells per well. On the following day,
fmAd5-GFP, at MOIs of 100 and 400, was combined with 0, 5, 10,
and 20 uM of purified SpyCatcherA and incubated at 37°C for
2 hours, followed by the addition of SpyCatcherA-conjugated
virus to each well and incubation for another 2 hours in a cell
culture incubator. After the medium removal, 0.5 ml of DMEM,
containing 2% FBS, was added to each well. The cells were
harvested after 48 h, and the percentage of transduction was
measured by flow cytometry.

Nanobody-conjugated virus transduction

The 293/KDR and HUVEC cells were grown at 1.5-2x10°
cells/well in 24-well plates, and their CARs were blocked by the
addition of a purified recombinant Ad5-knob protein to each
well at a final concentration of 100 ug/ml. Subsequently, the Ad
vectors were incubated with 10 uM of SpyCatcherA-nanobody
adapter molecule and different ratios of the adapter and fiber (1:
1, 1:100, and 1:1000) for 2 hours at 37°C. Afterward, fmAd5-GFP
and Ad5-GFP (as the control vector) were added at MOIs of 10,
20, and 50 and to the HUVEC cells at MOIs of 100, 200 and
500 TCIDsg/cell. Following 2 hours of incubation at 37°C, the
virus-containing medium was withdrawn and replaced with a
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fresh medium, containing 2% FBS. To prevent reinfection, the
293/KDR cells were cultured for 24 h at 37°C, while the HUVEC
cells were cultured for 48 h. Flow cytometry was finally carried
out to determine the transduction rate and fluorescence intensity.

Results
Generation of fiber-modified Ad vector

A SpyTag-decorated Ad vector, which could covalently bind
to the SpyCatcher-fused targeting moiety, was generated,
enabling the vector to be retargeted to various ligands,
without further genetic modifications of the vector. According
to previous studies, considering the crystallographic structure of
the Ad fiber, two regions of the knob, that is, the C-terminus and
the HI loop, were suitable for incorporating foreign motifs, as
they allowed exposure and facilitated viral interaction with the
target cell, with unlikely effects on key viral functions (e.g., capsid
packaging and viral infection) (Belousova et al., 2002).

For Ad5 retargeting, the SpyTag-coding sequence was
inserted into the HI loop of the fiber knob between G543 and
D544 residues through HR (Dmitriev et al., 1998). The fmAd5-
GFP and Ad5-GFP were rescued and upscaled in AD-293 cells
after verifying the presence of SpyTag in the Ad fiber genome by
PCR. After viral amplification, the Ad genome was extracted, and
the presence of SpyTag sequence was reconfirmed by fiber
sequencing (Supplementary Figure S1). To determine whether
the insertion of 13-amino-acid peptides affected viral replication
and titer, fmAd5-GFP and Ad5-GFP were amplified under
similar conditions and titrated using the TCIDs, assay. Their
titers were nearly the same, equivalent to 5x10' TCIDsy/mL.

Expression and purification of
recombinant proteins

The original SpyTag-SpyCatcher system consisted of a 13-
amino-acid SpyTag and a 138-amino-acid SpyCatcher (Li and
Fierer, 2014). In this study, a modified SpyCatcher was used with
21- and 14-residue truncations at the N and C termini,
respectively, as full-length SpyCatcher has been identified to
interact with an unknown cell surface receptor, leading to
significant background transduction (Kasaraneni et al., 2017).
However, before assessing the ability of SpyCatcherA to bind to
fiber-modified Ad containing SpyTag, its potential to bind to free
SpyTag was investigated. For this purpose, SpyCatcherA and
TrxA-SpyTag were recombinantly expressed in E. coli Rosetta
(DE3) and purified by exploiting their His-tag for Ni-NTA
chromatography.

The TrxA-SpyTag and SpyCatcherA were highly expressed in
E. coli Rosetta (DE3), yielding 20 mg/L of purified protein.
However, no indication of adapter molecule expression was
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found in E. coli Rosetta (DE3) cells using various pET vectors;
accordingly, the pHEN6C expression vector and E. coli
WKG6 cells, which were optimized for nanobody production,
were employed. The Ni-NTA chromatography was also used
to purify the recombinant adapter molecule. Next, the adapter
of the anti-VEGFR2
SpyCatcherA fusion, was combined with the TrxA-SpyTag

protein, comprising nanobody-
peptide to examine whether TrxA-SpyTag could bioconjugate
with the adapter molecule. The complex formation was assessed
using SDS-PAGE. As demonstrated in Figure 2A, the adapter
molecule could form a stable linkage with TrxA-SpyTag.

Subsequently, Western blotting was performed to determine the
presence of SpyTag in the fiber structure and its capability to bind to
its SpyCatcherA pair. As shown in Figure 2B, besides the
SpyCatcherA band (16 kDa), a band of approximately 77 kDa
was observed, suggesting the bonding of Ad-modified fiber
(61kDa) with the SpyCatcherA. However, when the control
virus, Ad5-GFP, was mixed with the SpyCatcherA, this 77-kDa
band was absent. The Ad5 knob protein was also produced in E. coli
Rosetta (DE3), with TrxA and His tags at its N-terminus, allowing
for single-step isolation using Ni-NTA chromatography, which
indicated a single ~38kDa band on SDS-PAGE (Figure 2C).
Moreover, the functionality of recombinant knob protein was
assessed using 293/KDR and AD-293 cell lines. The ability of the
protein to block CAR and prevent the internalization of Ad5 is
presented in Supplementary Figure S2.

Establishment of the CHO-Spy cell line

The CHO-KI1 cell line (CAR-negative cells) was transfected
with a pDisplay vector, encoding SpyCatcherA and neomycin
resistance genes to generate a cell line that allowed for the steady
expression of SpyCatcher on its surface. Therefore, it was possible
to investigate the fmAd5-GFP binding capacity to SpyCatcher on
the cell surface, as well as virus internalization via SpyCatcher/
SpyTag binding. Following G418 selection, the pool of cell clones
was expanded, and flow cytometry was performed to evaluate the
SpyCatcherA expression on the cell surface. Approximately 13%
of CHO-K1 cells expressed SpyCatcherA. Next, a clonal selection
was carried out, yielding 12 monoclonal cells. The SpyCatcherA
expression level and cell uniformity were also assessed using flow
cytometry. Three out of 12 monoclonal cells, which showed the
highest expression levels and homogeneity >96%, were finally
isolated. Data for one of the selected clones are depicted in
Figure 3.

SpyTag-SpyCatcher-mediated viral vector
transduction

The transduction efficiency of CHO-K1 and CHO-Spy cells
was examined with fmAd5-GFP and Ad5-GFP to primarily
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FIGURE 2

Characterization of protein expression and binding. (A) The SDS-PAGE analysis of SpyCatcher-TrxA-SpyTag bioconjugation. The purified TrxA-
SpyTag was mixed with SpyCatcher and adapter (SpyCatcher-anti VEGFR-2 nanobody) at a molar ratio of 1:1 at room temperature for 1 hour. (B)
Western blotting analysis to identify Ad-modified fiber bound to the SpyCatcherA. The vector (5 x 10° TCIDsg) was incubated for 2 hours at 37°C with
10 pM of purified SpyCatcherA before boiling and application on 12% SDS-PAGE gel, followed by blotting to a PVDF membrane; it was finally
probed with a polyclonal antibody against the SpyCatcherA and goat anti-mouse IgG (HRP). (C) The 12% SDS-PAGE analysis of the purification of

recombinant knob protein fused to TrxA and His tags.
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FIGURE 3
The flow cytometric analysis of SpyCatcherA expression after CHO-KI transfection. Following the transfection of CHO-KI cells with the
pDisplay plasmid encoding SpyCatchera, 12 clones were isolated, and the level of SpyCatcherA expression and homogeneity were determined via

flow cytometry. Monoclonal cells expressing the SpyCatcherA, as well as CHO-KI cells as the negative controls, were treated with the anti-

SpyCatcher serum for 1 hour, followed by incubation with the goat anti-mouse Ig-PE. Three out of 12 expanded monoclonal cells
demonstrated more than 96% homogeneity and high expression levels of SpyCatcherA, as depicted for one of the clones on the left panel. The right

panel shows the non-transfected CHO-KI cell line as the negative control.
levels of human CAR; consequently, they are normally non-

permissive to natural Ads. The CHO-Spy cells that were able to

examine the functionality of the SpyTag-harboring viral vector in
express SpyCatcherA on the cell surface were also developed. The

binding to the cell surface-expressed SpyCatcher. It should be
noted that the CHO-K1 cells do not normally express detectable
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Transduction efficiency of CHO-K1 and CHO-Spy cells with fmAd5-GFP and Ad5-GFP. (A) The cells were infected with fiber-modified Ad-GFP

at MOls of 200, 500, and 1000 TCIDsp/cell for 48 h, and the fluorescent signal of EGFP was investigated by fluorescent microscopy. (B) The
percentage of transducted CHO-K1 and CHO-Spy cells with various MOls of fmAd5-GFP and Ad5-GFP vectors according to flow cytometry; data
are presented based on duplicate experiments, and values are presented as mean + SEM.

transduction efficiency of both cell lines was negligible at MOIs of 10,
50, and 100 for both viral vectors at 48 h post-infection (data not
shown), while at higher MOIs (200, 500, and 1000) of fmAd5-GFP
and Ad5-GFP, as shown in Figure 4A, there was a significant
difference in transduction efficiency between CHO-K1 and CHO-
Spy with fmAd5-GFP at all MOIs. The results were confirmed using
flow cytometry, which indicated the percentage of EGFP-positive
cells and the mean fluorescence intensity after infection with each
vector. In case of both viral vectors, CHO-K1 cells showed the lowest
percentage of EGFP-positive cells and the lowest overall fluorescence
intensity in the transduced cells, as expected (Figure 4B).

On the other hand, when the CHO-Spy cells were infected
with the Ad5-GFP control virus, the transduction rate was
slightly higher than CHO-K1 cells, but significantly lower
than the fmAd5-GFP. It was hypothesized that the slight
increase in the Ad5-GFP transduction rate in CHO-Spy cells
might be related to the inaccurate measurement of CHO-Spy
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cells because of their high adhesion capability following the
SpyCatcherA expression. In the CHO-Spy cells, transduction
with fmAd5-GFP at MOI of 1000 resulted in the transduction of
nearly 90% of cells versus 9% of CHO-K1 cells. Besides, the EGFP
fluorescence intensity was twice higher, indicating the efficient
transduction of fmAd5-GFP into the CHO-Spy cells through
bioconjugation of the Spy-tagged viral vector with cell surface-
expressed SpyCatcher. Also, differences of approximately
9-10 folds in transduction (as shown in Figure 4B) and 2-
5 folds in fluorescence intensity were identified at other MOls.

Blockade of CAR-mediated transduction
This study assessed whether SpyCatcher conjugation to

fmAd5-GFP resulted in the ablation of CAR-mediated
transduction of A549, as a high CAR-expressing cell line.
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FIGURE 5

Ablation of CAR-mediated transduction of A549 cells. The
percentage of GFP* cells is shown after the incubation of fmAd5-
GFP at MOls of 100 and 400 by increasing the concentration of
SpyCatcherA before infecting the A549 cells. Data are based

on duplicate experiments, and values are represented as

mean + SEM.

Accordingly, fmAd5-GFP was incubated at MOIs of 100 and
400 with 0, 5, 10, and 20 pM of SpyCatcherA at 37°C for 2 hours
before infecting the A549 cells. As shown in Figure 5, the percentage
of EGFP-positive cells decreased with an increase in the SpyCatcher
protein concentration. When fmAd5-GFP was incubated with
20 uM of SpyCatcher at both MOIs, the number of positive
EGFP cells reduced by seven folds relative to the non-SpyCatcher
control group; consequently, the SpyCatcherA binding to the
fmAd5-GFP could effectively reduce the virus entry via CARs.

VEGFR2-expressing cell transduction by
the retargeted viral vector

To examine the efficacy of Ad vector retargeting, the 293/KDR
cell line, expressing a high level of cell-surface VEGFR2, and
HUVEC as the primary VEGFR2-expressing cell line, were
transduced with fmAd5-GFP, which was previously conjugated
with the adapter molecule. When the 293/KDR and HUVEC
cells were transduced with the adapter-conjugated fmAd5-GFP
and adapter-mixed Ad5-GFP, there was a significant increase in
transduction efficiency of both cell lines with the adapter-conjugated
fmAd5-GFP. The flow cytometry revealed that the percentage of
EGFP* 293/KDR and HUVEC cells in the adapter-conjugated
fmAd5-GFP-transducted group was almost three and two folds
higher than the control group at all MOISs, respectively (Figure 6A).

Additionally, a serial increase in the adapter-to-fiber ratio
from 1:1 to 1:1000 resulted in a progressive rise in the percentage
of EGFP* 293/KDR and HUVEC cells infected with adapter-
conjugated fmAd5-GFP; conversely, the rate of transduction with
adapter-mixed Ad5-GFP was significantly lower and also
6B). of EGFP
fluorescence intensity, there was no significant difference

invariant  (Figure However, in terms
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between the adapter-conjugated fmAd5-GFP and the control
groups. Based on these findings, although Ad5-GFP mixed with
an adapter could partially infect VEGFR2-expressing cells, there
was a remarkable increase in the transduction efficiency when the
adapter-conjugated fmAd5-GFP was used for both VEGFR2-
expressing cell lines.

Discussion

The current study aimed to present a bionanoparticle-based
adaptable technique for modifying the natural receptor specificity of
Ad5 vector, which can be used to retarget Ad5 for theranostic
applications. Although Ad5 is the most common viral vector
modified for gene therapy, development of a safe and efficient
vector remains challenging in the clinical setting. One of the
main restrictions in the clinical administration of Ads is the
promiscuous native Ad tropism, which limits its systemic
administration, as it can induce toxicity through non-specific
uptake, while decreasing the vector bioavailability for the target
cells (Waehler, et al, 2007). Therefore, detargeting and retargeting
are crucial strategies for improving the efficacy of Ad-mediated
tumor theranostics. To address this issue, adapters have been
introduced; nevertheless, the unstable, non-covalent adapter-
vector complex may decrease its efficacy.

In this regard, in a study conducted in 2006, the avidin-biotin
system, as one of the strongest non-covalent protein-ligand
interactions, was used to redirect Ad5 to dendritic cells. The
biotin acceptor peptide (BAP) was genetically incorporated into
the fiber protein to generate an Ad-BAP fusion. Because of its high-
affinity interaction (107 M), this system demonstrated high
potential for in vivo applications, although toxicity was still
probable due to the presence of free biotin in the circulation
(Maguire et al,, 2006). Additionally, in another study, the BAP
system was used to compare retargeting of Ad vector through
modification of fiber, protein IX, and hexon toward various cell
types. In contrast to protein IX and hexon, only fiber modification
with high-affinity receptor binding ligands could lead to effective Ad
retargeting, most probably due to atypical virus trafficking in case of
protein IX and hexon modifications (Campos and Barry, 2006).

In the present study, the bacterial superglue, SpyTag-
SpyCatcher, which has been shown to have a median
breakage force more than 20 times stronger than the avidin-
biotin interaction, was employed (Zakeri et al., 2012; Veggiani
et al,, 2014). In this system, in contrast to chemical conjugation-
based techniques, the SpyTag and SpyCatcher can easily react
with one another to form a stable covalent bond under various
conditions. The SpyTag can also react at either the N-terminus,
C-terminus, or an internal site of protein, making it more flexible
than previous split protein-based systems.

In this study, a modified Ad5 vector was generated by inserting
the SpyTag peptide into the HI loop of Ad5 fiber knob. The SpyTag
on the knob domain acted as an anchoring site for a cell-binding
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Transduction of VEGFR2-expressing cells with the retargeted adenoviral (Ad) vector. (A) Comparison of the transduction efficiency of adapter-
mixed Ad5-GFP with adapter-conjugated fmAd5-GFP. After blocking CAR with the recombinant knob protein, the 293/KDR and HUVEC cells were
transduced with different MOls of adapter-treated Ad5-GFP or fmAd5-GFP. (B) After incubating the 293/KDR and HUVEC cells with the knob protein,
the cells were infected with Ad vectors that were previously incubated with the adapter at various adapter-to-fiber ratios and MOls of 20 and
200, respectively. Data are presented based on duplicate experiments, and values are presented as mean + SEM.

protein (CBP) linked with the SpyCatcher. According to previous
studies, any change in the knob can lead to fiber instability; therefore,
the structure of the Ad5 fiber knob protein poses a limitation for
fiber-modified Ad vector development (Dmitriev et al, 1998).
However, considering the rescue of fiber-modified Ad5 containing
SpyTag with an infectious unit similar to the control virus with an
intact fiber, the insertion of SpyTag into the fiber knob did not affect
virus packaging or propagation in our system.

To evaluate the functionality of fmAd5-GFP as a fiber-modified
SpyTag-containing Ad5, the CHO-Spy cells with SpyCatcherA on
their surface were treated with the modified virus. Following SDS-
PAGE and Western blotting analysis, which confirmed the ligation
ability of fmAd5-GFP with the SpyCatcher (Figure 2B), a
comparison of the transduction rate of CHO-Spy versus CHO-
K1 cells revealed that fmAd5-GFP could bind to CHO-Spy cells and
transduce them almost 9-10 times more than CHO-K1 (Figure 4B).
Additionally, a 2-5fold increase in the fluorescence intensity of
CHO-Spy cells transducted with fmAd5-GFP (relative to CHO-
K1) confirmed the efficient binding of SpyCatcher on the CHO-Spy
surface with SpyTag on the modified virus (Figure 4A).

Frontiers in Molecular Biosciences

132

The fmAd5-GFP detargeting was examined by application of
SpyCatcher-ligated modified virus on A549 as a high CAR-
expressing cell line. The significant inhibition of CAR-mediated
viral transduction (Figure 5) approves a hypothesis which
proposes that Ad5 is remarkably less capable of transducing cells
through CARs after binding with an adapter molecule, conjugated to
the SpyCatcher (Waehler, et al, 2007). This observation is also
comparable to the findings of a study by Dreier et al. (2013)
which showed that binding of 1D3nc SHP1 (trimeric DARPins
grabbing the knob from three sides) to the knob blocked all CAR-
binding sites and completely impaired gene transfer into HEK-293
cells. Nevertheless, due to the uncertainty of SpyCatcher attachment
to all three monomers of the knob, the degree of CAR-binding
ablation was lower than the trimeric DARPin (1D3nc SHP), which
could bind more firmly to all three knob monomers. Generally, non-
specific transduction, particularly in hepatocytes, significantly
decreased by preventing CAR binding in the modified
SpyCatcher-ligated virus.

To retarget fmAd5-GFP, SpyCatcher fused to a nanobody
against VEGFR2 was used in the current study. VEGFR2 has

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1039324

Kadkhodazadeh et al.

been widely targeted for the anti-angiogenic treatment of tumors, as
well as diagnosis of various cancers, such as breast and gastric
cancers (Masuda et al,, 2012; Lian et al., 2019; Mastowska et al.,
2021). Currently, camelid nanobody-based therapeutics are being
evaluated in clinical trials against various diseases, including cancers.
Immunogenicity is one of the main challenges in the application of
antibodies, especially when repeated injections are required. Overall,
nanobodies exhibit low immunogenicity owing to their high degree
of homology with the human VH domain, which can strongly
mitigate the potential negative consequences (Jovcevska and
Muyldermans, 2020).

Additionally, the single-domain characteristic of nanobodies
their the
construction of multivalent nanobodies or their fusion with other

facilitates genetic manipulation, allowing for
proteins. Besides, due to the production of nanobodies using low-
cost expression systems, such as E. coli, they are appealing tools for a
wide range of applications (De Vlieger et al., 2018). Therefore, in this
study, we decorated fmAd5-GFP with a SpyCatcher-fused
nanobody specific to VEGFR2 as a model CBP in an adapter
structure. There was a significant difference in the transduction
rate when a high adapter concentration or adapter-to-fiber ratio was
used (Figure 6), which is consistent with earlier studies (Dreier et al.,
2011). Previously, it was reported that chelating the trimeric knob by
bivalent or trivalent adapters could improve the Ad retargeting
specificity and efficacy at lower adapter concentrations or adapter-
to-fiber ratios (Dreier et al,, 2011). Accordingly, in future studies, a
triple SpyCatcher adapter can be created using a trimerization motif
to achieve optimal retargeting and detargeting at lower adapter
concentrations or adapter-to-fiber ratios.

In conclusion, in the present study, using the SpyTag-
SpyCatcher protein ligation chemistry, a readily modifiable
Ad-based Dbionanoparticle was developed in vitro for
retargeting, without any need for genetic manipulation of the
viral vector. The results revealed that the insertion of SpyTag
peptide into the HI loop of the Ad5 fiber knob did not impair the
viral production process; it also did not impair the SpyTag-
incorporated knob availability to bind to the adapter molecule.
The modified Ad vector was significantly detargeted from its
natural CAR and retargeted to VEGFR2. Although VEGFR2 was
targeted as a CBP model, this viral vector could be easily modified
by covalent binding to target other ligands for various theranostic
applications, while significantly mitigating the side effects of

systemic Ad administration, including hepatotoxicity.
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The immune system is essential in recognizing and eliminating tumor cells. The unique
characteristics of the tumor microenvironment (TME), such as heterogeneity, reduced
blood flow, hypoxia, and acidity, can reduce the efficacy of cell-mediated immunity.
The primary goal of cancer immunotherapy is to modify the immune cells or the TME
to enable the immune system to eliminate malignancies successfully. Nanobodies,
known as single-domain antibodies, are light chain-free antibody fragments produced
from Camelidae antibodies. The unique properties of nanobodies, including high
stability, reduced immunogenicity, enhanced infiltration into the TME of solid tumors
and facile genetic engineering have led to their promising application in cell-mediated
immunotherapy. They can promote the cancer therapy either directly by bridging
between tumor cells and immune cells and by targeting cancer cells using immune
cell-bound nanobodies or indirectly by blocking the inhibitory ligands/receptors. The
T-cell activation can be engaged through anti-CD3 and anti-4-1BB nanobodies in the
bispecific (bispecific T-cell engagers (BiTEs)) and trispecific (trispecific T-cell engager
(TriTEs)) manners. Also, nanobodies can be used as natural killer (NK) cell engagers
(BIiKEs, TriKEs, and TetraKEs) to create an immune synapse between the tumor and NK
cells. Nanobodies can redirect immune cells to attack tumor cells through a chimeric
antigen receptor (CAR) incorporating a nanobody against the target antigen. Various
cancer antigens have been targeted by nanobody-based CAR-T and CAR-NK cells for
treating both hematological and solid malignancies. They can also cause the
continuation of immune surveillance against tumor cells by stopping inappropriate
inhibition of immune checkpoints. Other roles of nanobodies in cell-mediated cancer
immunotherapy include reprogramming macrophages to reduce metastasis and
angiogenesis, as well as preventing the severe side effects occurring in cell-
mediated immunotherapy. Here, we highlight the critical functions of various
immune cells, including T cells, NK cells, and macrophages in the TME, and discuss
newly developed immunotherapy methods based on the targeted manipulation of
immune cells and TME with nanobodies.

KEYWORDS

nanobodies, single domain antibodies, cancer immunotherapy, immune cell therapy,
CAR, BIiTE, BiKE, immune checkpoint
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1 Introduction

For the past 20 years, cancer incidence and mortality have been
increasing, making it the leading cause of death worldwide and a huge
public health concern (1). Surgery, radiation, and chemotherapy, the
standard cancer treatments, have a hard time eliminating cancer cells.
Cell therapy, targeted therapy, and gene therapy are other cancer
treatment options (2, 3). The introduction of autologous or allogeneic
cellular material into a patient for therapeutic reasons is called cell
therapy. The cell-based immunotherapy harness the potential of
immune cells to selectively kill cancer cells (4).

In cancer immunotherapy, the host immune system is essential in
the recognition and targeting of tumor cells. The unique
characteristics of the tumor microenvironment (TME), such as
heterogeneity, reduced blood flow, hypoxia, and acidity, can all
affect how responsive the tumor cells are to treatment (5). Although
the TME's makeup varies depending on the type of tumor, common
components include immune cells, stromal cells, blood vessels, and
extracellular matrix. The TME is not merely a silent spectator but
rather an active supporter of cancer growth (6). The cancer-associated
fibroblasts, mesenchymal stem cells, and cancer-associated adipocytes
are the main stromal cells in the TME. They contribute to cancer
angiogenesis, invasion, and metastasis mainly through the secretion

Bridging between tumor and immune cells

Tcell

NK cell

PD-L1

Tcell

(] Blocking inhibitory receptors

FIGURE 1

Dendritic cell
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of several growth factors (such as TGF-B, EGF, and VEGF, matrix
metalloproteinases, and some cytokines (such as TNF-o,, IL-1, and IL-
6) (7). The primary goal of immunotherapy is to modify the immune
cells or the TME to enable the immune system to eliminate
malignancies successfully.

Monoclonal antibodies (mAbs) can bind to the activatory or
inhibitory receptors expressed on immune cells and trigger changes
in them that lead to the activation of the immune cells. Moreover,
mADbs against tumor antigens are used to redirect the specificity of
immune cells toward the malignant cells. Due to their low tumor
penetrability, high manufacturing costs, and potential for
developing treatment resistance, mAbs still have substantial
limitations (8). Nanobodies, known as single-domain antibodies,
are light chain-free antibody fragments produced from Camelidae
antibodies that can be good substitutes for mAbs (9). They can
promote immune cell-mediated immunotherapy either directly by
bridging between tumor cells and immune cells and by targeting
cancer cells using immune cell-bound nanobodies or indirectly by
blocking the inhibitory ligands/receptors (Figure 1). Here, we
highlight the critical functions of various immune cells, including
T cells, NK cells, and macrophages, in the TME and discuss newly
developed immunotherapy methods based on the targeted
manipulation of immune cells and TME with nanobodies.

Targeting tumor cells with immune cell-bound Nbs

CAR-NK cell

CAR-T cell

| Tumor antigen , '

i Nanobody

Macrophage

Overview on application of nanobodies in cell-based immunotherapy. Nanobodies participate in anti-cancer immune cell-mediated therapies through
(A) bridging between tumor and immune cells, (B) targeting tumor cells with immune cell-bound nanobodies, and (C) blocking inhibitory receptors.
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2 Nanobodies: The smaller variant of
antibodies

It has been more than three decades since the first therapeutic
antibodies, which consisted of murine-derived mAbs, were approved
by the U.S. Food and Drug Administration (FDA). The major
disadvantages of mAbs include their immunogenicity (especially
murine-derived ones) and large size. Alternatively, antibody
fragments such as the antigen-binding fragment (Fab) and single-
chain variable fragment (scFv) could be used in different applications
(Figure 2). However, the short serum half-life of these fragments and
their aggregation-induced immunogenicity limit their utility as both
diagnostic reagents and therapeutics (8). Actually, the hydrophobic
interaction of VH and VL domains limits the stability and solubility of
engineered antibodies and usually leads to aggregation or mispairing
of variable domains. These features show that new antibody formats
are needed with the same binding specificity of antibodies but with
better stability and in vivo characteristics (10).

Single-domain antibodies (sdAbs), also known as nanobodies or
VHHs (Variable domain of Heavy chain from Heavy-chain only
antibodies (HCADs)), are derived from camelid heavy-chain
antibodies. Nanobodies, as the smallest natural antigen binding
domains, have dimensions in the nanometer range (~2.5 nm in
diameter and ~4 nm in height) and a molecular weight of about 15
kD (8). The high-affinity nanobodies against different targets,
including tumor markers, could be selected from the phage-
displayed libraries through the biopanning process. They are highly
soluble and do not tend to associate with other hydrophobic protein
surfaces. Nanobodies have a high degree of sequence identity with
human type 3 VH domains (VH3) germline sequences (11, 12), a
unique property that is considered to contribute to their low
immunogenicity. This reduced immunogenicity allows the
prolonged and repeated administration of nanobodies in
patients (13).

They can be produced easily in microorganisms, mammalian
cells, or plants. Nanobody expression yield is high, whether in the
periplasm of Escherichia coli or the cytoplasm of eukaryotic cells (14).

Thanks to their small size, intravenously administered
nanobodies can rapidly extravasate from the blood circulation
and deliver reagents to the target location. Moreover, their
monomeric single-domain nature facilitates their genetic fusion
to additional proteins, reporter molecules, or proteinaceous drugs
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(14, 15). Although the passage of antibodies and their derivatives
through the blood-brain barrier (BBB) is a major challenge for
treating brain diseases (16, 17), the small size of nanobodies may
increase their chance of crossing the BBB either naturally or as a
result of cancer-induced BBB leakage (18, 19). However, some
nanobodies have limited BBB permeability which may be
improved by different delivery methods (20), such as adeno-
associated virus (AAV)-based delivery (16) and carrier-mediated
transport (21).

Nanobodies have been used in different applications, including
biosensing, affinity-capturing of proteins, and protein crystallization.
They have been especially used for cancer therapeutics by targeting
surface receptors of tumor cells such as HER2 (22), CAIX (23), TAG-
72 (24), DR5 (25), c-Met (26), EGFR (27), mesothelin (28), AgSK1
(29) and CD33 (30). The main mechanisms of action of these
nanobodies include suppression of downstream growth signaling
and promotion of apoptosis in cancer cells (31, 32). Moreover,
soluble ligands secreted by tumor cells have been targeted by
specific nanobodies (9). Nanobody-based targeting of tumor
ligands, including EGF (33), HGF (34), and VEGF (35), has
resulted in efficient inhibition of tumor growth and metastasis.

Now, about 16 therapeutic nanobodies have entered clinical trials
for various disease types (36). In 2019, Caplacizumab, a bivalent
nanobody targeting von Willebrand, received approval from the FDA
for the treatment of patients with thrombotic thrombocytopenic
purpura (37).

3 Nanobody-based T-cell
immunotherapy

T cells are critical components of the immune system that can
be activated against cancer cells to have a functional response.
The immunosuppressive cells in the TME, as well as the
expression of inhibitory receptors, render T cells dysfunctional
in cancer (38). Moreover, the decrease in the immunogenicity of
the tumor cells, through the reduced expression of immunogenic
cancer antigens or the paucity of major histocompatibility
complex (MHC) class I molecules, causes the cancer cells to
escape from the T cells (39). Antibodies and nanobodies could
be used to activate T cells and retarget them against cancer
cells (Figure 3).
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Schematic structures of conventional and heavy chain antibodies and their derivatives. HCAb: heavy chain antibody, Fab: antigen-binding fragment, scFv:

single chain variable fragment, Nb, nanobody.
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Nanobody-based T cell immunotherapy. (A) T cells are activated through synapsing CD3-TCR/MHC/tumor peptide antigen, CD28/CD80 and 4-1BB/4-
1BB ligand. (B) T cells are activated against tumor cells using 4-1BB/CD3 BiTEs, 4-1BB/CD3 TriTEs, and anti-CD3-Nanobody (aCD3-Nb). (C) T cells target
tumor antigens through monospecific CAR, bispecific CAR, oligoclonal CAR, biCAR, and monospecific-/bispecific-universal CAR-T cells.

3.1 Nanobody-based T-cell activation

In physiological conditions, stimulation of activatory molecules,
ie, CD3, CD28, and 4-1BB, activates T cells resulting in their
proliferation and effector functions (40-42). Various studies show
that T-cell activation can be induced through antibodies or antibody
fragments specific to these activatory molecules. Heretofore, a CD19
(scFv)/CD3(scFv) bispecific T-cell engager (BiTE), blinatumomab,
has been approved for clinical administration in refractory/relapsed
B- acute lymphoblastic leukemia (B-ALL) and non-Hodgkin
lymphoma (NHL) (43, 44).

3.1.1 CD3-based T-cell activators

The anti-CD3 nanobodies and nanobody-based CD3-targeting
BiTEs have been studied as T-cell activators due to the molecular
benefits of nanobodies compared to other modules. A study showed
that an anti-CD3 nanobody could successfully activate T cells, raise
the secretion of IL-2 and IFN-y cytokines and suppress tumor growth
in a xenograft mouse model (45). The anti-tumor property of another
anti-CD3 nanobody was proved through the activation of cytotoxic T
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lymphocytes and inhibition of angiogenesis. In this study, angiogenic
markers, ie., VEGFR2, MMP-9, and CD31, were reduced, while
activated T-cell markers such as IL-2 were increased (46).

The EgAl anti-EGFR nanobody was used for constructing LiTE
(light T-cell engager) and ATTACK (asymmetric tandem trimerbody
for T-cell activation and killing cancer) bispecific engagers by
combining one and three EGFR-binding nanobodies with a single
CD3-binding scFv, respectively. The tetravalent BiTE, ATTACK,
enhanced the binding capacity towards EGFR-expressing cells and
exhibited potent target cell lysis compared to monovalent LiTE (47).
Two anti-EGFR LiTEs, produced in two orientations, i.e., as EGFR
(Nb)/CD3(scFv) and CD3(scFv)/EGFR(Nb), showed enhanced T-cell
activation and significant inhibition of EGFR-expressing tumor cells
(48). To extend the half-life of LiTE, it was fused to the human
albumin sequence, which resulted in greater tumor growth
suppression and a longer half-life of albumin fusion LiTE compared
to the LiTE molecule without fusion (49). The anti-tumor effects of
PD-L1(scFv)/CD3(scFv) and PD-L1(Nb)/CD3(scFv) BiTEs were
investigated in armed oncolytic herpesvirus-1. The Nb-harboring
BiTE creates a cross-linked pseudo-synapse between PD-L1 and
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CD3 for simultaneous immune checkpoint blockage and T-cell
activation (50). Aiming to increase the avidity of antibody
fragments in T-cell engagers, MART-1,,;-HLA-A2(Nb)/CD3(scFv)
BiTE was accumulated using human cartilage oligomeric matrix
protein (COMP48) to form a multimeric module termed
‘combody’. This strategy led to raising the combody affinity by 10°-
fold compared to that of the monovalent BiTE with no effect on
antibody specificity (51). Moreover, for improving BiTE efficacy, a
HER2-specific T-cell engager was developed by fusing two anti-HER2
nanobodies targeting non-overlapping epitopes of HER2 to an anti-
CD3 Fab. This nanobody-based BiTE demonstrated potent inhibition
of tumor cells compared to trastuzumab (52). A HER2(Nb)/CD3
(scFv) BiTE, termed BiHC (bispecific HER2-CD3 antibody), could
significantly activate T cells and increase the cytotoxicity of HER2™
tumor cells (53). Another BiTE against carcinoembryonic antigen
(CEA), CEA(NDb)/CD3(Fab), showed potent T-cell activation in the
xenograft model. The anti-tumor efficacy of this BiTE was increased
via site-specific PEGylation (54). A CD3(scFv)/EGFR(Nb)/EpCAM
(Nb) trispecific T-cell engager (TriTE) was developed to target
colorectal cancer cells that could activate T cells and lyse colorectal
cancer cells (55).

3.1.2 4-1BB-based T-cell activators

While anti-CD28 nanobody modules have not been extensively
studied, various scFv-based BiTEs were developed for targeting 4-
1BB as a co-stimulator of T-cell activation; however, they were
withdrawn from the clinical trials due to their high toxicity.
Switching to nanobody-based 4-1BB-agonistic BiTEs can be a
promising approach to overcoming T-cell activation challenges.
Recently, an agonistic nanobody targeting CRD4 of 4-1BB was
fused to an anti-PD-L1 nanobody. This PD-L1(Nb)/4-1BB(Nb)
BiTE significantly activates T-cells and inhibits tumor cell
proliferation in vitro and in vivo. In a xenograft mouse model, the
nanobody-based BiTE showed reduced toxicity compared to the
scFv-based one (56). A trimeric CEA(Nb)/4-1BB(scFv) BiTE
was developed using the murine collagen XVIII-derived
homotrimerization domain (TIEXY™) which forms a hexagonal
conformation (three anti-CEA nanobodies and three anti-4-1BB
scFvs) (57). Also, a trimeric EGFR(Nb)/4-1BB(scFv) BiTE was
constructed by this strategy (58). Both trimeric BiTEs significantly
recognize 4-1BB and the corresponding tumor antigen, activate T-
cells and inhibit target antigen-expressing tumor cells. Due to the
multimeric formation potential of nanobody-based BiTEs and
TriTEs, it is possible to evaluate co-targeting more tumor antigens
and stimulatory domains, providing higher tumor specificity and
lower toxicity compared to scFv and other modules.

In brief, nanobodies could provide the ability to design molecules
capable of multiple binding to T cells’ activating receptors. Also, the
nanobody-based T-cell activators are more efficient in infiltrating
solid tumors due to their reduced molecular size. Since a HER2-
targeting nanobody has entered into clinical trials (NCT04467515)
and HER2(NDb)/CD3(scFv) BiTE has shown promising preclinical
results, it seems that the nanobody-based anti-HER2 BiTEs have a
greater chance to progress to clinical trials for treating HER2"
breast cancers.
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3.2 Nanobody-based T-cell targeting

Chimeric antigen receptors (CARs) are synthetic protein
molecules that redirect T cells to target tumor cells. Conventional
CAR-T Cells comprise an extracellular domain of an antigen-binding
scFv, a hinge domain, a transmembrane domain, an intracellular
domain, and one or more costimulatory domains (59). Based on the
positive characteristics of nanobodies, they were employed to
establish nanobody-based CAR-T cells (NbCAR-T cells) for
targeting several cancer types. So far, various strategies have been
used to produce NbCAR-T cells with improved safety and efficacy,
including monomeric, oligoclonal, bispecific, multispecific, and
universal NbCARs. In the following, these different strategies and
different tumor antigens studied in pre-clinical and clinical studies are
reviewed (Table 1).

3.2.1. Monospecific NbCAR-T cells
3.2.1.1. Targeting hematologic malignancies by
monospecific NbCAR-T cells

The most common hematologic malignancies are derived from B
cells (89). Up to now, four CD19-CAR-T cell products to treat B-ALL
and B-NHL and two BCMA-targeted CAR-T products to treat
multiple myeloma have been approved by the FDA. The most
important tumor antigens targeted by NbCAR-T cells against B cell
malignancies include CD19, CD22, CD20, CD33, and CD72. Multiple
myeloma, the second most common hematologic malignancy, has
been targeted by NbCAR-T cells against BCMA and CD38 (65).

Three second-generation CD33-NbCARs could kill the target
tumors and increase the levels of IL-2 and IFN-y cytokines, while
they had no effects on negative target tumor cells. The comparison of
constructs, including 4-1BB or CD28 costimulatory domains, showed
that 4-1BB-based constructs, unlike CD28-based ones, could control
the new CD33" THP1 tumor cells added to the medium after 7 days.
Moreover, CD20-NbCAR-T cells with a 4-1BB costimulatory domain
could also completely destroy subcutaneous tumors in less than 20
days (66). Three third-generation CD22-NbCAR-T cells have been
individually developed using three different high-affinity nanobodies.
Among them, the CD22MN-NbCAR-T cells, which harbored the
nanobody with the least affinity, could effectively inhibit the tumor
burden in laboratory mice. This implies that the high affinity of the
targeting moiety does not correlate with strong cytotoxicity of
NbCAR-T cells (67).

The CD72-NbCAR-T showed potent cytotoxic activity and strong
degranulation against CD72" cells and primary B-ALL samples,
comparable to CD19-CAR-T cells. These CD72-specific CAR-T
cells were effective even on the cells knocked out for CD19,
although CD19-CAR-T activity was reduced (68). The CD7-
NbCAR-T cells were able to eliminate abnormal T cells and
overcome the fratricide of CAR-T cells. CD7-NbCAR-T cells need
to be further investigated as a suitable therapeutic potential for the
treatment of patients with T-cell malignancies. An allogeneic CD7-
NbCAR-T has been designed, which avoids the expression of the CD7
cell surface to minimalize fratricide. Evaluation of its safety and
efficacy proved that all side effects were both reversible and
controllable except in one patient (70).
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TABLE 1 List of nanobody-based CAR-T cells.

10.3389/fimmu.2023.1012841

Functional type CAR Structure Tumor type Reference
Monospecific BCMA BCMA.Nb-CD8at-CD80TM-4-1BB-CD3 { Hematologic malignancies (60-62)
Bi-epitopic BCMA BCMA.Nb-BCMA .Nb-CD80.-CD8ctTM-4-1BB-CD3{ Hematologic malignancies (63, 64)
Monospecific CD38 CD38.Nb-CD80.-CD80TM-4-1BB-CD3{ Hematologic malignancies (65)
Monospecific CD33 CD33.Nb-CD80.-CD80TM-4-1BB-CD3( Hematologic malignancies (66)
CD33.Nb-CD80.-CD8aTM-CD28-CD3{
Monospecific CD20 CD20.Nb-CD80.-CD80'TM-4-1BB-CD3{ Hematologic malignancies (66)
Monospecific CD22 CD22.Nb-mutFc-CD8ATM-ICOS-4-1BB- CD3{ Hematologic malignancies (67)
Monospecific CD72 CD72.Nb-CD80.-CD80TM-4-1BB-CD3{ Hematologic malignancies (68)
Monospecific CD7 - Hematologic malignancies (69, 70)
Monospecific MUC1 MUC1.Nb-CH3CH2hinge- CD28TM-CD28-CD3 { Solid tumor (71)
MUC1.Nb-CH3CH2(hinge),-CD28TM-CD28-CD3{
MUCI.Nb-CH3CH2hinge-CD28TM-CD28-0X40-CD3 {
MUCI.Nb-CH3CH2(hinge),-CD28TM-CD28-0X40-CD3{
Monospecific MUC1 MUCI1.Nb-IgG3Hinge-FC-CD28TM-CD28-CD3{ Solid tumor (72)
Monospecific MUC1 MUCIL.Nb-IgG3-Fc&Hinge-CD28TM-CD28-CD3{ Solid tumor (73)
MUCINb-IgG3-Fc&Hinge-Hinge-CD28TM-CD28-CD3(
MUCINb-FCRIIHinge-CD28TM-CD28-CD3({
Monospecific MUC1 MUCI1.Nb-IgG3hinge-CD28TM-CD28-CD3( Solid tumor (74)
Monospecific PMSA PMSA.Nb-IgG1lhinge-Fc-CD28TM-CD28-CD3( Solid tumor (75, 76)
Monospecific VEGFR2 VEGFR2.Nb-IgG1-Fc-CD28-CD28-CD3( Solid tumor (77)
Oligoclonal TAG-72 TAG-72.Nb-IgG3-Fc&Hinge-CD28TM-CD28-CD3{ Solid tumor (78)
TAG-72.Nb-IgG3-Fc&Hinge-Hinge-CD28TM-CD28-CD3{
TAG-72.Nb-IgG3-Fc&Hinge-CD28TM-CD28-0X40-CD3{
TAG-72.Nb-IgG3-Fc&Hinge-Hinge-CD28TM-CD28-0X40-CD3{
Oligoclonal HER2 HER2.Nb-IgG3-Fc&Hinge-CD28-CD28-CD3( Solid tumor (79)
HER2.Nb-IgG3-Fc&Hinge-Hinge-CD28-CD28-CD3{
HER2.Nb-IgG3-Fc&Hinge-CD28-CD28-0X40-CD3{
HER2.Nb-IgG3-Fc&Hinge-Hinge-CD28-CD28-0X40-CD3{
Bispecific CD20&HER2 CD20.Nb-IgG1-Fc-CD28TM-CD28-CD3{ Solid tumor (80)
HER2.Nb-IgG1-Fc-CD28TM-CD28-CD3{
CD20.Nb-HER2.Nb-IgG1-Fc-CD28TM-CD28-CD3{
Bispecific CD19&CD20 CD19.Nb-IgG4.hinge-CD8TM-4-1BB-CD3( Hematologic malignancies (81)
CD20.Nb-IgG4.hinge-CD8TM-4-1BB-CD3({
CD20.Nb-CD19Nb-IgG4.hinge-CD8TM-4-1BB-CD3{
Bispecific &Split CD13&TIM3 Nb-IgG4mutant (IgG4m) hinge- CD8TM- 4-1BB, and CD3( Hematologic malignancies (82)
CD13.Nb-CD3{, TIM3.scFv-CD28-4-1BB
Trispecific CD19&CD20 &CD22 CD22.Nb-CD20.Nb-CD19.Nb-CD8a.- 4-1BB-CD3{ Hematologic malignancies (83)
Trispecific CD33&CD123 &CLL1 TanCAR-a hinge spacer-CD8TM-41BBz-CD3( Hematologic malignancies (84)
Universal EGFR anti-E5B9-CD28- CD28 TM-CD28-CD3( Solid tumor (85)
Universal EGFR anti-E5B9-CD28-CD28 TM-CD28-CD3({ Solid tumor (86)
Universal EGFR anti-E5B9-CD28-CD28.TM-CD28-CD3( Solid tumor (87)
Universal CD105 CD105.Nb(C184)-CD80.hinge-CD80.. TM-4-1BB-CD3{ Solid tumor (88)

The monovalent humanized NbCAR-T cells developed against
BCMA antigen showed 88.89% progression-free survival in R/R
(relapsed/refractory) multiple myeloma patients (60). Unlike the
scFv-CARs, these NDCARs were evenly distributed on the
membrane surface of T cells. They could recognize and kill tumors
with high BCMA expression more powerfully than tumors with low
BCMA expression (63). A bi-epitopic NbCAR-T (LCAR-B38M)

Frontiers in Immunology

targeting two different epitopes of BCMA showed ORRs (overall
response rates) and CRs (complete responses) varied from 80% to
94.8% and from 56% to 76%, respectively (62, 64). The CD38-
NbCAR-T cells exposed to CD38" tumors could proliferate
effectively, kill the target cells, and reduce the tumor size in an in
vivo evaluation. There were few cytotoxic effects against normal
CD38" cells, such as B cells, adult T cells, and NK cells (65). In
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spite of the low expression of CD38 on T cells (90), just a small
percentage of T cells were killed by CD38-NbCAR-T. The transduced
T cells were effectively proliferated and lived for a long time without
functional defects (65).

3.2.1.2 Targeting solid tumors by monospecific NbCAR-T
cells

Unlike CAR-T cell therapy against hematological
malignancies, limited clinical success has been observed in CAR-
T cell therapy against solid tumors due to facing several challenges,
including tumor antigen heterogeneity, trafficking and infiltration
into tumor tissue, and immunosuppressive TME (88). The most
important solid tumor antigens targeted by NbCAR-T cells include
MUCI, prostate-specific membrane antigen (PSMA), HER2,
and CD105.

Two designed MUCI-NbCAR and pFKC8 (containing human
caspase 8 and two modified domains of FKBP12) constructs were co-
transfected into Jurkat T cells. After the addition of dimerizer,
transfected T cells were reduced by 91% (71). MUC1-NbCAR-T
cells could produce IL-2 cytokine, proliferate and lyse MUC1" cells
(72, 74). The introduction of phiC31 integrase in MUCI-NbCAR-T
cells led to efficient and stable transduction of constructs into the
Jurkat cells (73). Immunohistological evaluation of the prostate
samples proved that the higher the expression of PMSA, the more
severe cancer (91). The PSMA-NbCAR-T cells could express the
CD69 activation marker, produce the IL-2 cytokine, and inhibit
PSMA™ tumor growth (75).

3.2.1.3 Targeting tumor stroma and vasculature by
monospecific NoCAR-T cells

Cancer cells often create the vascular system around the tumor to
grow more rapidly. Since the expression of VEGF and VEGFR in
tumors is related to their angiogenesis and metastasis (92), tumor
vasculature has been a major target for CAR-T cells. The VEGFR2-
NbCAR-T cells could efficiently lyse the VEGFR2" tumor cells and
produce IFN-y and IL-2 cytokines (77). EIIIB, a fibronectin splice
variant, is overexpressed by the tumor stroma and neovasculature,
which makes it a potential target candidate for CAR-T cell therapy.
EIIIB-NbCAR-T cells could delay the tumor growth, interfere with
the blood supply to the tumor and enhance immune cells infiltration
into the TME (93).

3.2.2 Oligoclonal NbCAR-T cells

Numerous studies have shown that T cells can target tumor
antigens with an oligoclonal pattern in tumor tissues, thus reducing
the likelihood of antigen escape (94). Two different studies used this
approach: one to design TAG72-NbCAR-T cells (78) and another one
to develop HER2-NbCAR-T cells (79). When TAG72-NbCAR-
expressing oligoclonal T cells were stimulated by the TAG72"
tumor cells, they resulted in the proliferation of CAR-T cells
dependent on the target antigen and secretion of IL-2 cytokine. The
designed system may avoid CAR immunogenicity and prevent the
escape of the tumor cells (78). The function evaluation of the HER2-
NDbCAR-T cell exhibited that their cytokine secretion, proliferation,
and cytotoxic activity were higher than their monoclonal
counterparts (79).
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3.2.3. Bi- and multispecific NoCAR-T cells

One of the major drawbacks of monospecific CAR-T cells is the
recurrence of the disease due to a mutation that results in the removal
or reduction of the relevant tumor antigen expression. This drawback
can be eliminated by designing CAR-T cells targeting more than one
tumor antigen. Based on this theory, researchers have shown that the
use of bispecific, tandem, and a combination of two single CAR-T
cells can reduce these drawbacks (95, 96).

Three NbCAR-T cells, one tandem form (a single CAR structure
consisting of two distinct antigen recognition domains targeting two
tumor antigens), and two distinct monospecific forms, were designed
against HER2 and CD20 tumor antigens. The efficiency of the tandem
CD20-HER2-NbCAR-T cells was better than that of two
monospecific NbCAR-T cells, and the efficiency of the CD20-
NbCAR-T cell was the lowest. It was assumed that the distance
between the CD20-Nb domain to the cell membrane of T cells was
much longer than the distance between the HER2-Nb to the T cell’s
membrane. Therefore, it is possible that inhibitory phosphatases enter
this large immunological synapse and disrupt the activity of T cells
(80). Three CAR-T constructs (CD20-NbCAR-T, CD19-NbCAR-T,
and tandem CD20-CD19-NbCAR-T) were exposed to the primary
cancer cells obtained from patient-derived (PD) tumor samples.
These NDCAR-T cells could lyse the primary cancer cells and
showed increased expression of CD69 (81). A bispecific and split
CAR-T (BissCAR) was produced against CD13, and TIM3 antigens of
AML cells, in which CD13-Nb was linked to CD3( signaling and anti-
TIM3-scFv was linked to two costimulatory domains, CD28 and 4-
1BB. BissCAR produced more cytokines when exposed to
CDI13"TIM3" cells (mimicking leukemic stem cells) compared to
CDI13"TIM3" cells (mimicking normal hematopoietic stem cells
(HSCs)) because both activating and stimulatory signals were
activated. BissCAR injection into NSG mice with PD AML resulted
in complete tumor elimination with reduced toxicity to HSCs (82).

A trispecific NbCAR-T (triNbCAR-T), LCAR-AIO, simultaneously
targets three different tumor antigens, including CD19, CD20, and
CD22, to treat patients with recurrent B cell malignancies. Compared to
CD19-scFVvCAR-T, LCAR-AIO showed greater cytokine production
and lytic activity against target cells. When LCAR-AIO was exposed to
cells whose CD19 tumor antigens had been knocked out, it maintained
its lytic activity, which means these cells may prevent tumor escape in
CD19 patients. Compared to its monospecific counterparts, LCAR-
AIO showed better T-cell proliferation, longer shelf life, and superior
tumor eradication efficiency in an NCG murine model (83). In another
study, triNbCAR-T cells targeting CD33, CD123, and CLL1 tumor
antigens could exhibit cytolytic activity equal to or greater than their
monospecific counterparts and high levels of IFN-y and IL-2 cytokines
when exposed to CD33" or CD123" only tumors, whereas they
produced lower levels of these cytokines when exposed to CLL" only
tumors (84).

3.2.4 Universal NbCAR-T cells

Despite of obtained remarkable successes, all of the FDA-
approved CAR-T cells are being made from autologous T cells and
target only one cancer antigen. These autologous CAR-T cells with a
fixed antigen specificity have several negative points, involving high
cost and long-lasting manufacturing, an inherent risk of product
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failure, and limited efficacy due to tumor antigen escape (97). Also,
conventional CAR-T cell therapies may cause some side effects, such
as on-target/off-tumor reactions, cytokine release syndrome (CRS),
and neurotoxicity, which threaten the life of patients (98). Because
these engineered CAR-T cells are inherently active, their activities and
specificities are permanent and not easily controllable. Therefore, two
universal systems were designed to solve these problems: i) universal
CAR-T cells and ii) universal T cells (97).

3.2.4.1 Universal nanobody-based CAR-T cells

These universal CAR-T cells separate the conventional CARs into
two modules: i) the signaling module or uniCAR module, which
harbors a binding moiety to a specific epitope combined with the
intracellular signaling domains via a hinge and the transmembrane
regions, and ii) a target module (TM), which is a bispecific fusion
molecule with one binding domain directed against a tumor-
associated antigen (TAA) and a part (can be an scFv, an epitope, or
a small molecule) specifically recognized by the signaling module
(99). To date, four diverse types of universal CAR-T cells have been
developed: (i) antibody-dependent cellular cytotoxicity receptors, (ii)
bispecific protein-mediated linkage, (iii) anti-tag CARs, and (iv) tag-
specific interactions (100). These adaptor CAR (adCAR) platforms
can switch on/off the CAR-T cells to control their activity (101).
Moreover, there is the capability to simultaneously or sequentially
target different TAAs (99).

The Nb-adCAR-T cells were produced based on the E5B9 peptide
tag, derived from nuclear antigen La-SS-B, and anti-E5B9 scFv to split
the intracellular signaling domain from the antigen-binding domain
(86). These engineered T cells could target and lyse EGFR" tumor
cells in a TM concentration-dependent manner. Although the
deletion of TM participating in the Nb-adCAR-T cell complex was
delayed, free TM was deleted more rapidly (85). Because of the higher
avidity of the bivalent anti-EGFR TMs, they could direct the Nb-
adCAR-T cells to tumor cells with low EGFR expression levels, while
the monovalent TMs could only direct the Nb-adCAR-T cells to
tumor cells with high EGFR expression levels (86). In another study,
the EGFR-scFv-TM was compared with the EGFR-Nb-TM. The
quantities of different cytokines were similar in the presence of
both Nb- and scFv-TMs. The scFv-TMs could induce the lysis of
tumor cells with low EGFR expression levels more efficiently than the
Nb-TMs, which may increase the risk of targeting healthy tissues (87).

3.2.4.2 Universal T cells

Universal T cells are prepared by disrupting MHC loci (HLA-A)
or TRAC loci of the endogenous o or B subunits at the genomic level
(97). Universal CD105-NbCAR-T cells were designed by CRISPR/
Cas9 method for solid tumor immunotherapy. In a human tumor
xenograft model, universal CD105-NbCAR-T cells repressed the
growth of CD105" tumors, decreased tumor weight, and increased
the lifespan of mice (88).

Since nanobodies can be easily reformatted into multi-domain
structures, NbCAR-T cells are easier to engineer compared to scFv-
based CARs. According to the clinical trial studies such as CD19/20
bispecific NbCAR-T cells against B cell lymphoma (NCT03881761)
and BCMA-NbCAR-T cells (NCT03664661) and LCAR-B38M-
NDbCAR-T cells against multiple myeloma, it seems that NbCAR-T
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cells targeting blood cancers have the more likelihood to reach
FDA approval.

4 Nanobody-based NK cell
immunotherapy

Nanobody-mediated NK cell immunotherapy is a promising tool
for non-specific tumor cell recognizing and targeting, focusing on the
nature of NK cells (Figure 4). In physiological conditions, NK cells
target tumor cells through the downregulation of HLA on tumor cells
(102). They could be engineered with CARs to target different tumor
antigens. Moreover, NK cells may be triggered using appropriate
mAbs and antibody fragments, including nanobodies, to eliminate
cancer cells.

4.1 Nanobody-based NK cell activators:
BiKEs, TriKEs, and TetraKEs

The activation of NK cells occurs through antibody binding to
CD16, a primary activator domain on NK cells. Furthermore, when
CD16 is targeted, the NK cells act as cytotoxic effectors through CD16-
mediated antibody-dependent cellular cytotoxicity (ADCC) (10, 103).
Various soluble anti-CD16 nanobodies are established and
characterized to activate NK cells again in tumor cells (in mono-, bi-,
tri-, and tetraspecific manners) (104).

Bispecific and trispecific killer cell engagers (BiKEs and TriKEs)
are antibody-based small molecules that create an immune synapse
between the tumor and NK cells. BiKEs target a tumor antigen and
another functional element on the NK cell membrane, e.g., CD16,
NKG2D, and NKp46, while TriKEs target one more element
(commonly a tumor antigen or IL-15).

Various preclinical studies have examined the anti-tumor potency
of BiKEs and TriKEs. A CD16(Nb)/CEA(Nb) BiKE was developed for
the simultaneous targeting of CD16 and CEA™ ovarian and colorectal
cancer cells. This anti-CEA BiKE showed significant NK cell
activation and suppressed cancer progression in a mouse xenograft
model (105). Another anti-CEA BiKE comprising anti-CD16 and
anti-CEA nanobodies could effectively recruit NK cells and showed
significant in vivo tumor growth inhibition (106). A llama anti-CD16
nanobody was fused to three different nanobodies targeting CD19,
HER?2, and EGFR cancer antigens to create anti-CD16/CD19, anti-
CD16/HER2, and anti-CD16/EGFR BiKEs, respectively. They
induced significant target-specific activation and ADCC response in
NK cells against target antigen-expressing tumor cells (107). The anti-
CD16/CD30 BiKE, which targets the lymphoma antigen CD30, was
enrolled in a clinical trial on relapsed/refractory Hodgkin’s lymphoma
(HL) patients, which showed a high overall response rate in patients
with CD30" T-cell malignancies (NCT03192202). This CD30/CD16
BiKE was developed in a tetravalent manner, providing more half-life
than the bivalent form (108, 109).

IL-15, physiologically secreted by activated monocytes/
macrophages, activates NK cells via synapsing to IL-15R expressed
on the NK cell membrane and stimulated NK cell expansion. CD16
(NDb)/IL-15/CLEC12A(scFv) TriKE was designed for targeting acute
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FIGURE 4
Nanobody-based NK cell immunotherapy. (A) NK cells are activated through synapsing Fc and CD16 in physiological conditions. (B) BiKE, TriKE, and
TetraKE target tumor antigen(s) and IL-15R, another functional element on the NK cell membrane, e.g., CD16. (C) CAR-NK cell recognizes the tumor
antigen and exerts anti-tumor effects.

myeloid leukemia (AML) via IL-15-activated NK cells. This camelied/
human TriKE successfully targeted CLEC12A expressed on leukemic
hematopoietic stem cells in AML patients with no bonding to normal
hematopoietic stem cells (110). Moreover, CD16(Nb)/IL-15/HER2
(scFv) TriKE could significantly activate the NK cells and inhibit the
proliferation of HER2" cancer cells in vitro (SKOV3 and SKBR3 cells)
and in vivo (xenograft NGS mice models) (111).

Considering valuable properties of nanobodies, novel NK cell
engagers may be developed by substituting scFv modules with
existing nanobodies against different tumor antigens. For example,
anti-EpCAM nanobody-based TriKEs could be developed for
stimulating NK cells’ cytotoxicity in colorectal cancer using
EpCAM-specific nanobodies (112, 113). Also, an anti-CD33
nanobody which was developed for targeting AML cells (30),
could be used instead of anti-CD33 scFv in CD16(scFv)/IL-15/
CD33(scFv) TriKE. This trivalent engager could significantly
activate NK cells and induce NK-mediated ADCC against CD33
antigen expressed on AML cells and myeloid-derived suppressor
cells (MDSCs) (114). Furthermore, CD16(scFv)/CD19/CD22(scFv)
TriKE was developed for targeting CD19 and CD22 (leukemia/
lymphoma antigens) and CD16, simultaneously (115). Since anti-
CD19 and anti-CD22 nanobodies have been developed for targeting
leukemia/lymphoma cells (67, 116), they can be used in nanobody-
based NK cell engagers. Also, the scFv modules applied in CD16/IL-
15/CD133/EpCAM TetraKE can be substituted with their nanobody
counterparts for effective targeting of carcinoma antigens
simultaneously (117, 118).

In conclusion, nanobodies are potent tools for activating NK cells
through NK cell-activating receptors, especially CD16. The scFv-
based NK cell engagers have given promising results in clinical trials
targeting CD30 (NCT04101331), CD33 (NCT03214666), BCMA
(NCT04434469), EGFR (NCT04259450), and HER2
(NCT04143711). Considering that nanobodies targeting HER2
(NCT04467515) and BCMA (as NbCAR-T cells) (NCT03664661)
have reached clinical trials, nanobody-based NK cell engagers
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targeting HER2 and BCMA have more chance to be effective
against HER2" solid tumors and multiple myeloma, respectively.

4.2 Nanobody-based targeting of NK cells

CAR-NK cells target tumor antigens expressed on the surface of
tumor cells and simultaneously benefit from the NK cells' cytotoxic
effects. CAR-NK cells have advantages over CAR-T cells; including
lower on-target/off-tumor toxicity due to their shorter lifespan than
CAR-T cells, lower CRS and neurotoxicity due to their limited
cytokine secretion profile, activation by their natural cytotoxicity
receptors in a CAR-independent manner, killing tumor cells
through CD16-mediated ADCC, and availability of allogeneic
sources of NK cells, i.e., NK92 cell lines, peripheral blood
mononuclear cells, umbilical cord blood, and induced pluripotent
stem cells (iPSCs) (119). Nanobodies are utilized in the extracellular
recognition domain of the chimeric receptors in CAR-NK cells.
Compared to scFvs, nanobodies have a more efficient surface
expression level and less cross-reactivity in CAR-NK cells. Also,
nanobody-based CAR-NK cells have fewer recipient immunogenic
responses than CAR-NKs targeted with murine-derived scFvs.
Furthermore, multidomain applications of nanobodies are more
retained due to the smaller size than scFv (120).

In a study, monovalent anti-CD7 nanobody (VHHS6) and bivalent
(VHH6-VHHG6) nanobodies were fused to a CAR construct and
expressed on the surface of NK-92MI cells. The results indicated
the enhanced activation and cytotoxicity of CAR-NK cells that led to
significant inhibition of T-ALL cells (121). In another study, an anti-
CD38 nanobody was used for targeting CD38" MM/Burkitt
lymphoma cells by CAR-NK cells. These cells could successfully
lyse the primary human multiple myeloma cells and deplete CD38"
myeloma cells in human bone marrow-derived samples (122).

In another strategy, TCR-like nanobodies were applied to target
intracellular tumor antigens presented by the HLA molecules. In an
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NK cell-based anti-melanoma experiment, GPA7, a TCR-like
nanobody, was fused to the intracellular domain of CD3( to target
the melanoma-associated gpl00/HLA-A2 complex expressed in
melanoma cells. The engineered NK92 cells could effectively
recognize melanoma cells and inhibit their growth in a mouse
xenograft model (123). Nanobody conjugation to NK cells was used
for the simulation of CAR therapy. NK92 cells were conjugated with
an anti-EGFR nanobody through the glycoengineering approach. The
conjugated NK cells could target EFGR-overexpressing tumors and
exhibit potent cytotoxic activity toward them (124).

Since then, there have been multiple clinical trials on CD7- and
CD38-targeting CAR-T cells to treat a number of different blood and
bone marrow cancers (125). Moreover, a phase I/II trial was
conducted to evaluate the safety and efficacy of anti-CD7 CAR-NK
cells in CD7" leukemia and lymphoma patients (NCT02742727).
Based on the hopeful outcomes of treatment with CAR-T and CAR-
NK cells targeting CD7 and CD38 markers, as well as the success in
vtiro development of nanobody-based CAR-NK cells against these
tumor antigens, it seems that nanobody-based CD7 and CD38 CAR-
NK cells will advance to clinical stage investigations for the treatment
of leukemia, lymphoma, and myeloma.

5 Nanobody-based targeting of
macrophages

Macrophages are highly plastic immune cells that comprise
phenotypically different populations in various cancers (126). They
have exhibited dual functions based on the microenvironmental cues
in cancer development, including preventing tumor growth in the
early stages and promoting it in the later ones (127). One of the most
important reasons for macrophage targeting in cancer
immunotherapy is their high ability to infiltrate (comprise >50% of
the tumor mass) into the TME (128). Although T cells are the main
immune cells for the removal of tumor cells, they have low infiltration
and are often suppressed by TME inhibitory factors (129).

Macrophages are functionally divided into two subtypes: classically
activated macrophages (M1) and alternatively activated macrophages
(M2). M1 macrophages have anti-tumor activity and secrete pro-
inflammatory cytokines such as IL-1f, IL-6, IL-12, IL-23, TNF-a
nitric oxide, and CXCL9 and CXCLO (130, 131). LPS and T helper
(Th) 1 cytokine, like IFN-y polarize macrophages towards the M1
phenotype (132, 133). M1 cells, in turn, have a positive influence on
Thl cells and boost anti-tumor responses. Anti-inflammatory
responses of macrophages are relevant to the M2 phenotype. IL-4
released by Th2 cells and the production of IL-4, IL-10, or IL-13 by
tumor cells polarize macrophages into an M2 phenotype (131, 134).
Tumor-associated macrophages (TAMs) localize in the TME, usually
have an M2 phenotype, and comprise the most number of immune
cells in TME (135). TAMs remodel the TME by releasing the inhibitory
cytokines, including TGF-B and IL-10, and expressing immune
checkpoint ligands to inhibit infiltration and anti-tumor activity of
other immune cells, especially cytotoxic T cells. A subset of TAMs that
overexpresses macrophage mannose receptors (MMR, CD206) under
hypoxic conditions refers to MMR"S"MHC-II'™ TAMs. They are
strongly involved in angiogenesis and immunosuppression of the
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TME (136). Therefore, targeting macrophages, especially TAMs, can
be a promising opportunity for boosting immunotherapy of
various malignancies.

Different macrophage-based strategies have been used to enhance
cancer immunotherapy, including TAMs depletion, M2
repolarization, blocking of checkpoint immune ligands/receptors on
macrophages and “don’t eat me” signaling, and preventing infiltration
of macrophages into the TME (Figure 5).

Recently, the use of nanobodies to target macrophages have been
exhibited improved therapeutic effects combined with high safety
compared to mAbs in multiple malignancies. For instance,
simultaneous inhibition of the CCL2 and CCL5, which are
necessary chemokines for attracting TAMs to the TME and
upregulated on hepatocellular carcinoma tumor cells, by a bispecific
nanobody (BisCCL2/5i) demonstrated more survival benefits than the
combination of two full-length antibodies or two small molecules
against CCL2 and CCLS5 in vivo. Delivery of the BisCCL2/5i mRNA
encapsulated in an approved lipid nanoparticle led to not only a
reduction of more than 50% of M2 macrophages and mitigation of
intratumoral macrophages trafficking but also significantly polarized
M2-TAMs to an M1-phenotype leading to the increased M1/M2 ratio
and improved T-cell infiltration. Combination therapy using
BisCCL2/5i nanobody and a trimeric PD-L1 inhibitor triggered a
robust anti-tumor response and long-term survival in primary and
metastatic liver malignancies (137).

The binding of CD47 on cancer cells to signal regulatory protein-a
(SIRPa) on macrophages results in the escape of cancer cells from
phagocytosis (138). Blockade of the CD47/SIRPa pathway can
enhance macrophage-mediated phagocytosis (MMP), increase the
frequency of TAMs in TME, and reduce tumor growth (139). Clinical
mAbs that target CD47 have some side effects (e.g., RBC
hemagglutinin, platelet aggregation) that may limit their application
(140). The pre-clinical studies showed that HuNb1-IgG4, a fusion
protein containing an anti-human CD47 nanobody and a human
IgG4 Fc fragment, could overcome these drawbacks. This nanobody
showed a low affinity for RBCs that led to less toxicity while being able
to specifically recognize the human CD47 and bound to it with a
higher affinity than B6HI12 (an anti-CD47 mAb). HuNb1-IgG4
nanobody exhibited superior anti-tumor efficacy compared to the
clinical anti-CD47 mAbs (141).

Since Fc moiety may have non-specific binding and induce
immunogenicity in vivo, replacing it with a nanocarrier may
improve the application of macrophages-targeted nanobodies. The
use of the nanobody-fused nanogels (as a drug nanocarrier) can be an
efficient strategy to specifically deplete TAMs by the nanobody moiety
and simultaneously deliver a drug surrounded by the nanogel into the
TME. For example, the polymeric nanogel-conjugated anti-MMR
nanobodies could specifically target MHC-II'""/MMR™&" TAMs in
the complex environment of tumor cells (136).

The coupling of nanobodies to the other molecules, including
small molecules or pro-inflammatory cytokines, can effectively
reverse the immunosuppressive microenvironment of tumors
following M2-macrophage repolarization. For example,
administration of an IFN-y-/or IL-2-fused high-affinity anti-PD-L1
nanobody to mice bearing pancreatic tumors showed a phenotype
shift in intratumoral macrophages toward M1-macrophage with
approximately 50% reduction of tumor burden as well as enhanced
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Approaches of nanobody/antibody-based targeting of Macrophages. Direct targeting strategies include: (A) M2 repolarization: CD40 and TLR7/8
agonists, the blockades of MACRO, CSF1R, MMR, and blocking of ‘don’t eat me’ signals such as PD1, SIRP-a, LILRB1/and 2, and SIGLEC10 on TAMs lead
to repolarization of M2 to M1 phenotype in the TME. As a result, tumor migration, invasion, and Treg induction decline, whereas phagocytosis, T-cell
activation, and tumor infiltration increase. (B) TAMs depletion using anti-MMR conjugated clodronate, as a bisphosphonate, increase reprogramming of
immunosuppression of TME and T-cell infiltration. Indirect targeting strategies include: (C) blocking of immunosuppressive signaling pathways: inhibition
of CSF-1 ligand secreted by tumor cells, blocking of don't eat me signals like CD47 and PDL1/2 on the tumor cells, as well as blocking EGFR on the
tumor cells prevent scape of the tumors from phagocytosis and decrease metastasis, tumor migration, and invasion. (D) Inhibition Macrophage
recruitment: Chemokine of MCP-1 on the tumor cells, soluble chemoattractants such as CCL2, CLL5, CXCL12, CSF-1, VEGF-A has secreted by tumor
cells and bystander cells to recall macrophages to the TME. Anti-VEGF-A nanobody/antibody reduces angiogenesis. Nanobodies/antibodies against these
chemokines prevent the diapedesis of monocytes into the TME and then their differentiation to the immunosuppressive TAMs. Also, the blockade of the

CXCL12/CXCL4 axis reduces metastasis.
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infiltration of CD8" T cells into TME (142). In another study, a small
molecule named imidazoquinoline (IMDQ) was linked to an anti-
MMR nanobody. IMDQ have known as a TLR7/8 agonist, which
strongly stimulates the inflammatory phenotype of macrophages. In
vivo studies showed that the use of IMDQ-Linked anti-MMR
nanobody resulted in skewed MHC-II'"YMMR"&" TAMs towards
M1-phenotype without its uptake by the other MMR" immune cells
such as B cells, dendritic cells (DCs), and monocytes. As a
consequence, the anti-tumor function of T cells was augmented,
and the tumor burden significantly declined (143).

Although the reprogramming of macrophages can provide a great
opportunity for restoring stroma, their effective activation is a major
problem for cancer immunotherapy. Simultaneous repolarization of
TAMs and blocking of the CD47/SIRPa. signaling axis can overwhelm
this challenge. It was demonstrated that the cell membrane-coated
magnetic nanoparticles engineered to overexpress high-affinity
variants of SIRPo. mAbs could successfully block the CD47-SIRPo
pathway. Moreover, the magnetic nanoparticles promoted M2 TAM
repolarization and delivered the cell membrane into tumor sites (144).
As a result, the local tumor growth was controlled well, and distant
tumor metastasis declined by 50%. The insufficient penetration of
nanoparticles into the TME due to the undesirable clearance by the
macrophages, as well as their sequestering by monocytes, neutrophils,
and RBCs, is a challenge for their translation into the clinic.
Nanobodies targeting colony-stimulating factors or CD47 can be
suitable substitutes in macrophage-based cancer immunotherapy.

Pre-clinical studies have demonstrated that the reprogramming of
macrophages from M2 to M1 phenotype through blocking the surface
markers of macrophages such as CCL2, CCL5, PD-L1, as well as
blocking the CD47/SIRPa signaling can effectively activate innate and
adaptive immune systems to eliminate cancer cells. Moreover,
blocking the other vital TAMs receptors (e.g., CSF-1R) and
inhibitory receptors (e.g., LILRB1, LILRB2, CTLA-4) by nanobodies
can improve the anti-tumor immunity in the TME through
reprogramming of macrophages (145, 146). Furthermore, it has
been suggested that CAR macrophages can improve anti-tumor
functions in vitro and in vivo models (145). Whether using the
nanobody-containing CARs (instead of scFv) can boost the anti-
cancer efficiency of the CAR macrophages should be investigated in
future studies.

Despite the growing application of nanobodies and increased
clinical trials of macrophage-targeted therapies, there is limited
literature on targeting macrophages with nanobodies. An anti-
MMR nanobody radiolabeled with ®*Ga-NOTA has entered phase
II clinical trials for imaging of MMR-expressing macrophages in head
and neck squamous cell carcinoma as well as HL and NHL. The
promising results of mAbs that target TAMs for cancer
immunotherapy can be expanded to the corresponding nanobodies.
A phase I/IT clinical study has shown that anti-Clever-1
(bexmarilimab), a novel humanized IgG4-antibody that targets
Clever-1 receptor on the TAMs surface, can reprogram M2 TAM
to M1 phenotype (147). This antibody has shown considerable anti-
tumor activity in patients with advanced solid tumors, including
melanoma, gastric, breast, and hepatocellular cancers. Given the
desired characteristics of nanobodies, the development of an anti-
Clever-1 nanobody could be a suitable candidate for reprogramming
TAMs in refractory solid tumors. Moreover, it expects that the
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identification of new targets on TAMs can increase the application
of nanobodies in macrophage-mediated immunotherapy.

6 Nanobody-based immune
checkpoint Inhibition

The term "immune checkpoints" (ICs) refers to a group of co-
stimulatory and co-inhibitory molecules that are essential for
immunological homeostasis and host survival. Under normal
physiological circumstances, a balance between the signals from
these molecules enables self-tolerance and safeguards the host from
tissue damage during an immune response to a foreign antigen (148).
In the case of malignancy, immune checkpoint components are co-
opted, inhibiting cytotoxic T cells from launching an efficient anti-
tumor response (149). Checkpoint inhibitors are medications that
stop ICs from binding to their ligands, leading to eliminating T-cell
inhibition and boosting the immune system's ability to fight cancer.
CTLA-4, programmed death receptor 1 (PD-1), PD-L1, T-cell
immunoglobulin and mucin domain-containing 3 (TIM-3), T-cell
immunoreceptor with immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif (ITIM) domain (TIGIT), and
lymphocyte-activation gene 3 (LAG-3) are the receptors that have
been the most thoroughly researched (150) (Figure 6).

The mAb-based immune checkpoint inhibition has proven to be
effective in inhibiting tumor growth. The FDA approved various
checkpoint inhibitors as cancer treatments, including mAbs that
target PD-1, such as nivolumab (Opdivo®), pembrolizumab
(Keytruda®), and cemiplimab (Libtayo®); mAbs against PD-LI,
such as atezolizumab (Tecentriq®), avelumab (Bavenci0®), and
durvalumab (Imﬁnzi®); and anti-CTLA-4 mAb ipilimumab
(Yervoy®). The utility of mAbs has been constrained by factors like
high production costs, low tissue penetration, and immune-related
side effects (151, 152). The nanobodies' superior properties, compared
to mAbs, make them useful tools for successful immune checkpoint
inhibition (152).

T, B, and NK cells frequently express the cell surface receptor PD-
1. It has been discovered that the PD-1/PD-L1 pathway is important
in the escape of cancer from immune surveillance. In many cancers,
PD-1 is expressed on effector T cells and exhausted T cells in TME;
and PD-LI is found on the tumor cell surface. One of the most
effective strategies to activate anti-tumor immune responses in the
tumor environment has been blocking the PD-1/PD-L1 pathway
(153). KNO035 is a nanobody that can strongly bind to PD-L1
molecules and successfully disrupt the interaction between PD-L1
and PDI. It can successfully contend with other PD-L1 antibodies for
the five hotspot areas where PD-L1 binds to PD-1. KN035 can also
successfully stimulate peripheral blood mononuclear cells (PBMCs)
in vitro and trigger interferon release (154). K2, another PD-L1-
specific nanobody, could prevent the interaction between PD1 and
PD-L1 and improve dendritic cells' capacity to promote T-cell
activation and cytokine generation. In contrast to anti-PD-L1
mAbs, this nanobody has a high ability to bind PD-L1 on both
immune and non-immune cells and to increase activation of
functional antigen-specific cytotoxic T cells. Therefore, treatment
with K2 nanobody and dendritic cell vaccination may be more
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Nanobody-based Immune checkpoint Inhibition. (A) Immune checkpoints in physiological conditions. (B) Immune checkpoints in the tumor
microenvironment, nanobodies can inhibit immune checkpoints by binding to them or their ligands, work as the binding domain in CAR-T cells, or be
secreted in the tumor microenvironment by CAR-T cells

effective against cancer diseases than PD-L1 mAbs (155). Moreover,
an anti-PD1 nanobody, Nb97, was used to create the Nb97-Nb97-
HSA fusion protein that demonstrated more efficacy in stimulating
the immune function than a humanized Nb97-Fc (156). In order to
draw the appropriate leukocyte populations in the TME, a PD-L1-
blocking nanobody was fused to a charge-engineered chemokine
CCL21. Using a microfluidic platform mimicking the TME, it was
demonstrated the chemokine-nanobody fusion could selectively
target PD-L1" tumor cells and recruit effector cells to the TME
(157). A unique anti-PD-L1/CXCR4 bispecific nanobody could
successfully penetrate the tumor tissues in a xenograft mouse model
and inhibit the growth of pancreatic cancer cells much better than the
combination therapy using anti-PD-L1 and anti-CXCR4
nanobodies (158).

A bispecific antibody consisting of an anti-PD-L1 antibody and
an anti-TIGIT nanobody could bridge between PD-L1" tumor cells
and T/NK cells leading to simultaneous blockade of PD-L1/PD-1 and
TIGIT, enhanced infiltration of cytotoxic T lymphocytes (CTLs) and
NK cells; and tumor growth inhibition in a mouse model (159).
Moreover, a PD-L1/4-1BB bispecific nanobody can concurrently bind
PD-L1 on tumor target cells and 4-1BB on effector cells. It can block
the PD-L1/PD-1 pathway and induce 4-1BB signaling at the same
time, leading to high antitumor potency with minimal toxicity (56).

A key inhibitory regulator of immunological responses is CTLA-
4. Following T-cell activation, CTLA-4 rapidly expresses on T cells
and has a higher affinity than CD28 for binding to B7 molecules. By
increasing the threshold of signals needed for full T-cell activation,
CTLA-4 may make it impossible for T cells to begin responding, and
it may also cause them to stop responding already (148). Using phage
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display, four CTLA-4-specific nanobodies were isolated that had a
strong binding capacity and were able to detect particular CTLA-4
epitopes. The survival of mice with melanoma increased after
receiving the anti-CTLA-4 nanobody (Nb16) treatment because of
the significant tumor growth inhibition (160). Moreover, this anti-
CTLA-4 nanobody could increase the anti-tumor activities of
cytotoxic T cells and prolong the survival of NOD/SCID mice
bearing melanoma cells (151). The immunosuppression caused by
the CTLA-4 pathway may limit the effectiveness of cellular therapy
based on the tumor antigen-presenting dendritic cells and cytokine-
induced killer cells (DC-CIK). An anti-CTLA-4 nanobody was used
to suppress CTLA-4 signaling in order to counteract the negative co-
stimulation from T cells. The DC-CIK cells displayed increased
proliferation and IFN-y production in vitro following stimulation
with anti-CTLA-4, which intensified their lethal effect on the tumor
cells (161). Another strategy to prevent ICs is to give nanobodies
locally using CAR-T cells as cargo. The CAR-T cells that secrete anti-
PD-L1 or anti-CTLA-4 nanobodies have better proliferation and
persistence compared with nonsecreting CAR-T cells (162).

Alternative ICs, including TIM3, can be considered as a potential
therapeutic target to obtain more effective anti-tumor responses in
patients not responding to PD1/PDL1 and CTLA4 inhibitors (163).
An anti-human TIM-3 nanobody was produced with an inhibitory
impact equivalent to or superior to that of anti-TIM-3 antibodies.
This nanobody demonstrated a high binding capacity to TIM-3 and a
high anti-proliferative effect on the acute myeloid leukemia cell line
HL-60 by disrupting the galectin/TIM-3 signal (164).

Considering their excellent tissue penetration properties, nanobodies
are attractive candidates for blocking inhibitory receptors of immune
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cells in the dense environment of solid tumor tissues. A nanobody
targeting CTLA-4 has entered a phase I clinical trial for treating
advanced/metastatic solid tumors (NCT04126590). In addition, anti-
mesothelin CAR-T cells secreting PD-1 nanobodies are under clinical
evaluation for mesothelioma, ovarian, colorectal, and non-small-cell lung
cancers (NCT04489862, NCT05373147, NCT04503980).

7 The potential role of nanobodies in
managing adverse effects of immune
cell therapy

Despite the clinical success of BiTEs and CAR-T cells in the
treatment of B-cell malignancies, CRS and its subsequent inflammatory
effects reduce the effectiveness of these therapies in patients (165).
Pyroptosis is an inflammatory cell death that is caused by pore-
forming proteins such as Gasdermins (E and D). These proteins are
activated by inflammatory caspases and cause pores in the cell membrane
that results in releasing their cytosolic content containing high amounts
of danger-associated molecular patterns (DAMPs). The DAMPs
contribute to the initiation of the inflammasome activation and
subsequent activation of macrophages, which produce high levels of
proinflammatory cytokines such as IL-1B and IL-6, the main drivers of
inflammatory events during CRS (166, 167). All types of inflammasomes
require an adapter protein called ASC (apoptosis-associated speck-like
protein containing a CARD, caspase recruitment domain) to be activated
(Figure 7) which includes a pyrin domain (PYD) and a CARD. The main
feature of inflammasome activation is the formation of ASC speck as a

10.3389/fimmu.2023.1012841

result of the oligomerization of ASC (PYD) filaments and their cross-
linking with CARD, which creates a micrometer-sized structure (168).
The blockage in these pathways can lead to disruption in inflammation.

A nanobody was developed against the CARD domain of human
ASC protein to investigate how the inflammasome is activated under
physiological conditions. In vitro studies have shown that this nanobody
not only prevents the interaction between CARD and PYD but also
inhibits the activation of various types of inflammasomes which indicates
the importance of ASC protein in the construction of different types of
inflammasomes (169). It was proved that this nanobody was able to
inhibit the inflammatory function of post-pyroptotic inflammasomes,
making nanobodies the first biological agents capable of disassembling
precursors of inflammasomes in vitro. Nanobodies against human and
mouse ASC could effectively inhibit ASC-Speck activity after pore
formation in pyroptotic cells, whereas they did not interfere with the
initial secretion of cytokine IL-1 before pyroptosis, which is necessary
for host defense against infections (170).

P2X7 is a ligand-gated ion channel that detects extracellular ATP
and initiates a pro-inflammatory signaling cascade that results in
NLRP3 inflammasome activation and secretion of pro-inflammatory
cytokines. The P2X7 ion channel is prominently expressed by
monocytes and T cells and responds to extracellular ATP from
damaged cells during sterile inflammation. Specific small-molecule
inhibitors for P2X7 were developed for the treatment of inflammatory
diseases by Pfizer (CE-224,535) and Astrazeneca (AZ-10606120 and
AZD9056) (171, 172).

Studies show limitations of small molecule inhibitors, including short
half-life in vivo, narrow therapeutic window, or toxic metabolites (173).
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FIGURE 7
Different stimuli involved in the activation of different subsets of the inflammasome family and the canonical role of ASC in infammasome assembly.
Four key inflammasomes, namely NLRP1, NLRP3, NLRC4, and AIM2, have been best characterized. Following the activation of inflammasomes,
inflammatory caspases are converted from the pro-active to the active form. The main consequence of this event is the creation of the active form of
the pro-inflammatory cytokine interleukin 1 beta, which is one of the main drivers of inflammation. Apoptosis inhibitory proteins (NAIPs) function as
direct receptors for bacterial flagellin and the needle and rod subunits. NLRP3 activation also requires NIMA-related kinase 7 (NEK7), which binds to the
NLRP3 leucine-rich repeats (LRRs) and is required for its oligomerization. Many stimuli, such as bacterial lipopolysaccharide (LPS), crystals, extracellular
ATP, and dsDNA, can activate the inflammasome complex. In addition to creating the active form of gasdermins, the consequence of inflammasome
activation is the secretion of significant amounts of pro-inflammatory cytokines, such as IL-1B and IL-6, by macrophages, which are the main drivers of
inflammatory events during CRS.
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Due to the unique propensity of nanobodies to bind to functional
crevices on proteins, these molecules can resolve the need for special
bindings to ion channels (174). Highly potent nanobodies were isolated
against mouse and human P2X7 ion channels, which showed higher
specificity and lower toxicity in comparison to small molecule
antagonists. The anti-mouse P2X7 nanobody could efficiently decrease
inflammation in an experimental mouse model of glomerulonephritis.
Compared with small-molecule inhibitors of P2X7, the anti-human
P2X7 nanobody showed much more potency in preventing the IL-1B
release, making it a viable biological option for controlling inflammatory
cases associated with high content of cell damage and extracellular ATP
(175). Another important player involved in the pathogenesis of CRS and
neurotoxicity effects induced by CAR-T treatment is the pro-
inflammatory cytokine IL-6. Inhibition of IL-6 signaling by
tocilizumab, a mADb against IL-6 receptor (IL-6R), has been approved
by the FDA as a biological treatment for the CAR-T-related CRS (176).

Unlike other cytokines, IL-6 can activate the signaling cascade by
binding to a membrane receptor (mIL-6R; classical signaling) or to its
soluble receptor (sIL-6R; trans-signaling) (177). A half-life extended
bispecific nanobody was developed against IL-6R and HSA (human
serum albumin) under the name ALX-0061. Different studies on this
molecule proved its ability to inhibit IL-6 signaling equivalent to the
tocilizumab antibody. ALX-0061 nanobody showed increased half-
life and complete inhibition of inflammation in a monkey model of
collagen-induced arthritis. Considering the promising results of this
molecule in preclinical experiments, it is expected to be used as a
biotherapeutic in the control of chronic inflammation and
autoimmune diseases (178).

8 Conclusion

Antibodies are being widely explored for the activation of
immune cells, including T cells, NK cells, and macrophages.
Moreover, the retargeting of immune cells toward cancer cells has
been achieved through tumor antigen-specific antibodies.
Interestingly, antibodies could reverse the immunosuppressive state
of the TME by immune checkpoint blockade. The superior properties
of nanobodies compared to conventional antibodies make them ideal
candidates for targeted modulation of immune cells in cancer
therapies. Thanks to their high stability, enhanced infiltration into
the TME of solid tumors and facile genetic engineering, nanobodies
can act as complements to immune cell-mediated therapies. However,
the fast clearance of nanobodies from circulation may preclude their
utility for therapeutic applications. To improve their in vivo half-life,
nanobodies can be modified by different approaches such as
PEGylation, PASylation, addition of albumin-binding domains, and
fusion to Fc domain of human antibodies.

The role of nanobodies in cell-mediated immunotherapy can be
categorized into three types: bridging between tumor and immune
cells, targeting tumor cells with immune cell-bound nanobodies, and
blocking the inhibitory receptors expressed on immune cells
(Figure 1). The nanobody-based bi- and multispecific cell engagers
can make a bridge between tumor cells and immune effector cells
leading to cell-mediated cytotoxicity. As T and NK cells’ engagers,
nanobodies have shown promising preclinical results in multiple
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myeloma and breast cancer, which provide insights to develop
more specific nanobodies against the surface antigens of cancer and
immune cells. The most successful application of nanobodies in cell-
mediated immunity has been redirecting immune cells to attack
tumor cells through a chimeric receptor incorporating a nanobody
against the target antigen. Various cancer antigens have been targeted
by nanobody-based CAR-T and CAR-NK cells for treating both
hematological and solid malignancies. However, considering their
clinical trials results, anti-BCMA NbCAR-T cells may be the first
nanobody-based engineered immune cells to reach the market for
treating multiple myeloma. Finally, by blocking the immune cells’
inhibitory receptors, nanobodies can aid them to exert more efficient
anti-tumor functions. As the potent immune checkpoint inhibitors,
nanobodies can reverse the T cell exhaustion and restore anti-tumor
immunity. Moreover, the anti-tumor functions of macrophages can
be enhanced through nanobody-mediated blockade of the CD47/
SIRPa pathway, reprogramming of macrophages from M2 to Ml
phenotype and depletion of TAMs from the TME. Nanobodies
against the inflammatory cytokines and proteins involved in
pyroptosis can be used to prevent the severe side effects occurring
in CAR-T cell therapy and might enable a safer anti-cancer immune
cell therapy.

Taken together, nanobodies are appealing as potential
therapeutics to effectively modulate the immune cells’ functions,
manage the inflammatory side effects of immune cell therapy and
restore the immune surveillance to cancer patients.
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Background: Chimeric antigen receptor (CAR)-T cell therapy has established itself
as a potent therapeutic option for certain patients with relapsed/refractory (R/R)
hematologic malignancies. To date, four CD19-redirected CAR-T cell products
have been granted the United States Food and Drug Administration (FDA) approval
for medical use. However, all of these products are equipped with a single-chain
fragment variable (scFv) as their targeting domains. Camelid single-domain
antibodies (VHH or nanobody) can also be used as alternatives to scFvs. In this
study, we developed VHH-based CD19-redirected CAR-Ts, and compared them
with their FMC63 scFv-based counterpart.

Methods: Human primary T cells were transduced to express a second-generation
4-1BB-CD3{-based CAR construct whose targeting domain was based on a
CD19-specific VHH. The expansion rate, cytotoxicity, and secretion of
proinflammatory cytokines (IFN-y, IL-2, and TNF-a) of the developed CAR-Ts
were assessed and compared with their FMC63 scFv-based counterpart as they
were co-cultured with CD19-positive (Raji and Ramos) and CD19-negative (K562)
cell lines.

Results: VHH-CAR-Ts showed an expansion rate comparable to that of the scFv-
CAR-Ts. In terms of cytotoxicity, VHH-CAR-Ts mediated cytolytic reactions
against CD19-positive cell lines, comparable to those of their scFv-based
counterparts. Moreover, both VHH-CAR-Ts and scFv-CAR-Ts secreted
remarkably higher and similar levels of IFN-y, IL-2, and TNF-a upon co-
cultivation with Ramos and Raji cell lines compared with while cultured alone or
co-cultured with K562 cells.
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Conclusion: Our results demonstrated that our VHH-CAR-Ts could mediate CD19-
dependent tumoricidal reactions as potently as their scFv-based counterparts.
Moreover, VHHs could be applied as the targeting domains of CAR constructs to
overcome the issues associated with the use of scFvs in CAR-T therapies.

KEYWORDS

chimeric antigen receptor, CD19, cancer immunotherapy, hematologic malignancy,

VHH, scFv

1 Introduction

Cancer immunotherapy has changed the face of the fight against
cancer in the past decades. The advent of different platforms of cancer
immunotherapy has proven its effectiveness for the treatment of a
wide range of immunological and oncological indications (1, 2).
Monoclonal antibodies (mAbs), T-cell-redirecting bispecific
antibodies (TRBAs), antibody-drug conjugates (ADCs), tumor-
infiltrating lymphocytes (TILs), and chimeric antigen receptor T
cells (CAR-Ts) are now known as revolutionary second-, third-,
fourth-, and fifth-line treatments for special groups of patients.
CAR-T therapy has experienced a rapid progress in the past decade
as the US Food and Drug Administration (FDA) approved six
products for five different malignancies (3-15). So far, CAR-Ts
have been granted approval for the treatment of patients with
hematologic malignancies which include B-cell precursor acute
lymphoblastic leukemia (B-ALL; tisagenlecleucel and brexucabtagene
autoleucel), diffuse large B-cell lymphoma (DLBCL; tisagenlecleucel,
axicabtagene ciloleucel, and lisocabtagene maraleucel), follicular
lymphoma (FL; tisagenlecleucel and axicabtagene ciloleucel), mantle
cell lymphoma (MCL; brexucabtagene autoleucel), and multiple
myeloma (MM ciltacabtagene autoleucel and idecabtagene vicleucel)
(16). It is interesting to mention that four of the approved CAR-T
products target CD19 as their target antigen while the other two
(namely, ciltacabtagene autoleucel and idecabtagene vicleucel) target
B-cell maturation antigen (BCMA).

CD19 has been an interesting target antigen for immunotherapy
(17, 18). To date, aside from four FDA-approved CD19-redirected
CAR-T products, one TRBA (Blinatumomab), two humanized mAbs
(Tafasitamab and Inebilizumab), and one humanized ADC
(Loncastuximab tesirine) have also been granted FDA approval
against CD19, which accentuates its potential as one of the most, if
not the most, successful target antigens of cancer immunotherapy.
Also, numerous clinical trials are currently investigating the safety
and efficacy of different CD19-redirected CAR T cells in Phase II and
III (NCT05281809, NCT04605666, NCT04257175, etc.).

The production of a conventional CAR-T product entails blood
sampling from the patient, isolation of peripheral blood mononuclear
cells (PBMCs), genetic engineering of the isolated T cells for the
expression of CAR molecules, and reinfusion of the generated CAR-
Ts into the patient (19). A CAR molecule is topologically made from
three domains; the extracellular domain, the transmembrane domain,
and the intracellular domain. The intracellular domain of CARs is

Frontiers in Immunology

where the signaling domains are incorporated (4-1BB-CD3( or
CD28-CD3( in the case of the FDA-approved CAR-Ts) while the
extracellular domain redirects the cytotoxicity of CAR-Ts against cells
expressing the target antigen (for which the targeting domain of CAR
is specific) (16). CAR targeting domains are usually derived from the
single-chain fragment variable (scFv) of mAbs; however, researchers
have recently applied other targeting domains such as single variable
domain on a heavy chain (VHH; also referred to as nanobodies),
peptides, and ligands (20). Of note, the targeting domain of Janssen’s
ciltacabtagene autoleucel is based on BCMA-specific single-domain
antibodies (20). Such efforts alongside successful clinical records
prove that CAR-T products could be developed using targeting
domains other than scFvs (20). In this research, we constructed a
VHH-based CD19-redirected CAR molecule using a CD19-specific
VHH previously isolated in our laboratory, and developed VHH-
based CD19-redirected CAR-Ts (hereafter referred to as VHH-CAR-
Ts) (21). Then, we assessed the tumoricidal efficacy of the VHH-
CAR-Ts against CD19-positive cell lines to demonstrate that they can
be as potent as FMC63 scFv-based CAR-Ts in vitro.

2 Materials and methods

2.1 Cells

All of the cell lines used in this study were purchased from National
Cell Bank of Iran (NCBI), and Pasteur Institute (Tehran, Iran), and
were cultured in a humidified condition at 37°C (5% CO,). Human
embryonic kidney 293T (HEK293T) cells were cultured in high glucose
Dulbecco’s Modified Eagles Medium (DMEM; Gibco, Life
Technologies, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco, Life Technologies, USA), 1 mM sodium pyruvate, 4 mM
L-glutamine, and 1% penicillin-streptomycin (100 IU/mL). HEK293T
cells were used for the production of lentiviral particles and the titration
of the produced lentiviruses. Burkitt’s lymphoma cell lines Raji and
Ramos were used as CD19-positive human blood cancer cells, and
K562 was used as CD19-negative human blood cancer cells, and were
cultured and maintained in Roswell Park Memorial Institute (RPMI)
1640 (Gibco, Life Technologies, USA) supplemented with 4 mM L-
glutamine, 1 mM sodium pyruvate, 1% penicillin-streptomycin (100
IU/ml), and 10% (v/v) FBS. Raji, Ramos, and K562 cells were applied
for evaluating the specific cytotoxicity, proliferation, and cytokine
secretion of VHH-CAR-Ts and scFv-CAR-Ts upon co-cultivation.
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Human blood samples were collected from healthy donors (HD; n = 3)
after obtaining written informed consent according to the guidelines and
the approval of Tarbiat Modares University Research Ethics Committee.
PBMCs were isolated using density gradient centrifugation by diluting the
obtained blood in phosphate-buffered saline (PBS; with a ratio of 1:1 v/v)
and slowly layering it over Ficoll-Hypaque (Lymphodex, Inno-Train,
Germany) followed by centrifugation at 800 x g for 20 minutes at room
temperature. Then, the PBMC layer was harvested carefully and washed
twice with PBS. Ultimately, the obtained primary T cells were cultured in
complete RPMI 1640 media (10% FBS v/v) supplemented with 50 IU/mL
interleukin (IL)-2 (MACS, Miltenyi Biotec, BIOTEC GmbH, Germany).
DynabeadsTM Human T-Activator CD3/CD28 (Gibco, Thermo Fisher
Scientific, USA; catalog No. #11131D) were used to activate primary T cells
at a bead-to-cell ratio of 2:1. Lentiviral transduction with the desired
multiplicity of infection (MOI) was carried out on the activated T cells after
three days of incubation at 37°C (5% CO,).

2.2 Plasmids and reagents

The pLJMI lentiviral vector encoding the green fluorescent
protein (PLJMI-EGFP; Cat. No. #19319; Addgene, MA, USA) was
used as the GFP control transfer vector (lentiviral control used for the
transduction of T cells without CAR expression, hereinafter referred
to as CAR-negative cells) in this study for virus production, titration
steps, and functional assays. Two other versions of this vector were
also generated; one encoding “anti-CD19.VHH.CAR-4-1BB-CD3(”
as our main transfer vector (called pLJM1VHH]I9), and the other one
encoding “anti-CD19.scFv.CAR-4-1BB-CD3(” (called pLJM1scFv19)
applied as the positive control. Of note, pLJM1scFv19 harbors the
same CAR construct as pLJ]M1VHH19 with the only exception that
the targeting domain of pLJMIscFv19 is composed of the CD19-
specific scFv, FMC63, rather than our CD19-specific VHH. To
transfer the CAR transgenes into T cells, third-generation
lentiviruses were used. In this regard, two packaging plasmids,
“pMDLg/pRRE” and “pRSV/Rev”, and one envelope plasmid,
“pMD2G”, were used alongside the transfer vector in the co-
transfection process for the encapsulation of the third-generation
lentiviruses. Moreover, polyethylenimine (PEI; 25 kDa; Cat. No.
#9002-98-6, Sigma-Aldrich, Merck KGaA, Germany) was used as
the transfection enhancer/reagent during the process of plasmid co-
transfection and lentiviral packaging.

2.3 CAR construct

The VHH-based CD19-redirected CAR cassette contained the
coding sequences for a CD19-specific VHH along with CD8a,
followed by the 4-1BB costimulatory domain and the CD3( signaling
domain, all of which were synthesized by Genscript (Piscataway, NJ,
USA). This construct was PCR-amplified using the following
oligonucleotide primers 5> GCTAGCATGGCCTTACCAGTG 3 and 5
TTCGAACTAGCGAGGGGGCAG 3’ as forward and reverse primers,
respectively. The forward and reverse primers were designed to introduce
Nhel (New England Biolabs, MA, USA) and Bstbl (New England
Biolabs, MA, USA) restriction sites at the 5 and 3’ end of the CAR
construct, respectively. The resultant CAR construct was subcloned into
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the pLJM1-EGFP vector using the mentioned restriction enzymes and T4
DNA ligase (Thermo Fisher Scientificc, MA, USA). Finally, plasmid
extraction was carried out using the Geno pure Plasmid Maxi Kit
(Roche; Cat No. #03143422001) as an endotoxin-free kit for large-scale
plasmid DNA isolation with sufficient high-quality.

2.4 Co-transfection and lentiviral packaging

12 hours prior to co-transfection, HEK293T cells (1.5 x 10% at a
confluency rate of ~80%) were seeded in 6-well treated tissue culture
plates. 10 hours later, the media was replaced with fresh media
containing 2% v/v FBS. Next, the polyplex supernatant for lentiviral
production was prepared by co-transfecting a lentiviral transfer vector
(PLIM1-EGFP, pLJM1VHHI19 or pLJM1scFV19), and two lentiviral
packaging vectors and one envelope vector at a ratio of 4:(2:2):1,
respectively, using PEI as the transfection reagent. Four different
ratios of PELDNA (w/w; 1:1, 2:1, 3:1, and 4:1) were tested during co-
transfection to determine the PELDNA mixture ratio with lowest
toxic effects yielding the maximum viral titration. The GFP-
expressing cells were detected under a fluorescence microscope, 24
to 72 hours after transfection. Furthermore, the transfection efficiency
for the optimal non-toxic ratio of PELDNA was determined using
flow cytometry analysis (BD FACSCalibur flow cytometer, BD
Biosciences, San Jose, California, USA) 24 hours after transfection.
For this aim, the cells were stained with propidium iodide (PI; Sigma-
Aldrich, Merck KGaA, Germany) before flow cytometry analyses. For
data analysis, the population of cells were first gated on PI-negative
cells (live cells) and then the expression of GFP was assessed in that
population. Also, the titration of the produced lentiviral particles was
assessed using flow cytometry analysis and quantitative PCR (qQPCR)
72 hours after transduction in every sample. Of note, the virus-
containing supernatant was collected 24, 48, and 72 hours after
transfection, concentrated using ultracentrifugation, and stored at
-80°C for the further steps of the study.

2.5 Genome integration analysis for
determining viral titration

To analyze the quality and quantity of the recombinant viral
particles, the flow cytometry assay was used for the assessment of GFP
and CAR expression in the relative groups, and quantitative PCR
(qPCR) to determine vector copy numbers. For this aim, HEK293T
cells (2 x 10* per well) were seeded into a treated 96-well tissue culture
plate with incomplete DMEM media overnight prior to transduction.
In the following step, the supernatant samples containing lentiviral
particles were thawed on ice, and multiple serial dilutions of them
were prepared (107", 307,107, 3072, 10, and 30) in DMEM high
glucose media containing 8 pg/mL polybrene (hexadimethrine
bromide, Sigma-Aldrich, Merck KGaA, Germany), and then they
were incubated 30 minutes at 37°C (5% CO,). Seeded HEK293T cells
were transduced with lentivirus serial dilutions and were incubated
for 12 hours at 37°C (5% CO,), followed by an exchange of fresh
complete DMEM media, and incubation. For the flow cytometry
assay, the transduced cells were trypsinized 72 hours after
transduction (to ensure gene expression), then the cells were
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suspended in PBS. Finally, the expression of the transgene of each
group (GFP, scFv-based CARs, and VHH-based CARs) was evaluated
by flow cytometry for determining viral titers in transduction units
(TU)/mL. Moreover, the genomic DNA was extracted from the
transduced HEK293T cells using a High Pure PCR Template
Purification Kit (Roche, Mannheim, Germany) for calculating the
copy number of the integrated transgenes using a concentration
standard curve (with known titers). To verify that free plasmid was
removed from the media, g-PCR was performed after two passages
(every three days over the course of 10 days) with primers specific for
the puromycin gene (the viral resistance gene as an integrated
sequence). qQPCR was conducted on a Corbett Rotor-Gene 6000
instrument (Corbett Life Science; Sydney, Australia) using the
following materials: 10 pL of Taq DNA Polymerase 2x Master Mix
RED (Ampliqon; Cat. No. #A190303), 0.4 uM of each primer,
template and distilled nuclease-free water to reach the final volume
of 20 ul. The qPCR was performed in two steps with the following
thermal settings: 15 minutes at 95°C for an initial Taqg DNA
polymerase activation step with hot start followed by 40
amplification cycles (30 seconds at 95°C and 30 seconds at 60°C).
The test samples, standards, and negative and positive controls were
all performed in duplicate. The cycle threshold (Ct) was set at 37 + 2
since it does not adversely affect detection sensitivity. Of note, the
forward and reverse puromycin primers were 5° GCAGCAA
CAGATGGAAGG 3” and 5 GAGGTCTCCAGGAAGGC
3, respectively.

2.6 T cell lentiviral transduction

Primary T cells were activated using DynabeadsTM Human T-
Activator CD3/CD28 and 100 IU/mL IL-2 while being incubated for 3
days prior to lentiviral transduction. Next, the media of the activated
cells were replaced with concentrated lentiviral supernatant
supplemented with polybrene at a concentration of 6 ug/mL of
culture media. Next, the cells were centrifuged for 60 minutes at
1200 x g at 25°C. The stimulation beads were removed after 6-8 days
of culture following transduction. Also, T cell culture media was
supplemented with 50 IU/mL IL-2 three times per week. For flow
cytometry analysis, the population of the cells were first gated on
CD3-positive cells, and then the percentage of CAR-positive cells was
analyzed in each cell population.

2.7 Target antigen-triggered activation and
proliferation of CAR-Ts

The target cell-triggered expansion capability of the CAR-Ts was
analyzed using the carboxyfluorescein succinimidyl ester (CFSE;
BioLegend, San Diego, CA; Cat No. 423801) cell staining assay (22).
Briefly, 10° - 107 effector T cells were labeled with 1 uL of 5 mM CFSE
per mL of PBS. After a 20-minute incubation in a dark condition at
37°C (5% CO,), the stained cells were resuspended in PBS, washed
twice, and incubated overnight in culture media. The CFSE-stained
effector cells were co-cultured with stimulator target cell lines without
IL-2 at an effector-to-target (E:T) ratio of 6:1. After 72 hours of
incubation, the effector cells were stained with APC-conjugated anti-
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human CD3 antibody and the CFSE signal reduction through the
CD3+ cells division was assessed by flow cytometry. Also, the
Mitomycin C inactivation protocol was used for inhibiting the
proliferation of target cells. Briefly, 10° target cells were incubated
with 50 puL of 1 mg/mL mitomycin C for 1 hour before co-culturing
with the respective effector cells.

2.8 Cytotoxicity assessment

A cytotoxicity test was conducted by staining the target cells of
CAR-Ts with PI while gating on CFSE-labeled target cells. In detail,
CAR-Ts were co-cultured with CFSE-stained (in accordance with the
previous protocol) K562, Raji, and Ramos target cells at different E: T
ratios (3:1, 6:1, and 10:1) for 16 hours followed by PI staining to
measure cell death via flow cytometry. Target cells included the
CD19-negative cell line K562 (used as negative control) and the
CD19-positive cell lines Raji and Ramos. For flow cytometry analysis,
the population of cells was first gated on CFSE-positive cells, and then
the percentage of apoptotic cells was assessed in that population (as
PI-positive cells).

2.9 Inflammatory cytokine production
of CAR-Ts

The level of CAR-T-secreted cytokines including human IFN-y
(human IEN-y ELISA Kit; ab46025, Abcam, MA, USA), human TNF-o
(human TNF-o. ELISA Kit; ab46087; Abcam, MA, USA), and human IL-2
(human IL-2 ELISA Kit; ab100566; Abcam, MA, USA) was measured in
the supernatant of the cells via enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions. Briefly, CAR-Ts
were co-cultured with the target cells at an E:T ratio of 61, and the
supernatant was collected 24 hours after incubation.

2.10 Flow cytometry antibodies and antigens

FITC-conjugated human CD19 antigens (Cat. No. CD9-HF2H2;
Acro Biosystems, Newark, NJ, USA) were used for determining the
expression rate of the VHH-based and scFv-based CAR molecules on
the surface of VHH-CAR-Ts and scFv-CAR-Ts, respectively, in the
flow cytometry assay. The concentration of the FITC-conjugated CD19
antigen and the number of cells used for the flow cytometry assay were
according to the manufacturer’s instructions. APC-conjugated anti-
human CD3 antibody (BD Pharmingen' ", USA; Cat No. #555335) was
used to assess the percentage of CD3-positive cells in a given population
of PBMCs, according to the manufacturer’s instructions.

2.11 Statistical analyses

Statistical analyses were performed using GraphPad Prism
version 8.01 (Graph Pad Software, Inc., USA). The mean values for
each group were calculated, and the error bars indicate the standard
deviation. Statistical significance was determined using one-way
ANOVA with Tukey’s multiple comparison test. Significances are
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represented as * for p values < 0.05, ** for p values < 0.01, *** for
p values < 0.001, and **** for p values < 0.0001.

3 Results

3.1 PEI:DNA ratio optimization and lentiviral
packaging

The percentage of living cells as well as the percentage of cells
expressing GFP were quantified 24 hours after transfection to
determine the most appropriate PEDNA ratio. As presented in
Figures 1A, B, PELDNA ratios of 1:1 and 2:1 did not result in a
remarkable decline in the level of living HEK293T cells; however, the
3:1 and 4:1 ratios mediated significant cytotoxicity against these cells,
resulting in 68.5 and 52.4% living cells, respectively. In terms of GFP
expression, the highest proportion of GFP-expressing cells was
detected in the 2:1 and 1:1 PELDNA ratio groups with 74.1 and
58.2%, respectively. Overall, the PEL:DNA ratio of 2:1 resulted in the
highest percentage of GFP-expressing HEK293T cells and the lowest
rate of cells damaged by the cytotoxic effects of PEI; therefore, this

PEL:DNA PEL:DNA

Unstained 0:1 1:1

10.3389/fimmu.2023.1063838

ratio was selected as the optimized PEI:DNA ratio. Also, according to
the statistical analysis (presented in Figure 1B), the PEDNA ratio of
2:1 mediated a significantly higher rate of transfection in comparison
with other PEL:DNA ratios (p value < 0. 01 for PEDNA ratio of 1:1
and 2:1, and p value < 0.0001 for PELDNA ratio of 3:1 and 4:1).
Furthermore, in terms of post-transfection cell viability, the viability
of HEK293T cells was significantly higher in the PE:DNA ratio of 1:1
and 2:1 group in comparison with other PEL:DNA ratios (p value < 0.
001 for PEL:DNA ratio of 3:1 and p value < 0.0001 for PEL:DNA ratio
of 4:1). Moreover, GFP expression rate in the transfected HEK293T
cells was also detected under a fluorescence microscope. The different
PELLDNA ratios resulted in different GFP expression levels in the
transfected cells (data not shown).

3.2 Viral titration and
transduction optimization

In the process of CAR-T manufacturing, it is important to know
the concentration of the produced viral particles. In addition,
determining the MOI of the produced viral particles helps optimize
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FIGURE 1

PEI:DNA ratio optimization for lentiviral packaging. (A) Flow cytometry plots for GFP-expressing cells and the post-transfection viability of HEK293T cells.
(B) Statistical analysis between different groups of HEK293T cells transfected using four different PEI:DNA ratios. Data are expressed as the mean + SD
**p < 0.01, ***p < 0.001, and ****p < 0.0001. All experiments were carried out in triplicate.
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gene delivery into T cells during CAR-T production. To ensure
maximum accuracy and compensate for multiple transduction
events per cell, the viral particle titers were calculated by two
practical assessments: flow cytometry analysis for the cells that
express the integrated transgene and qPCR to assess the relative
copy number of the produced lentiviral particles. As the results
indicated, there was a close correlation between the expression of
GFP, VHH-based CAR molecules, and scFv-based CAR molecules in
the corresponding groups and the amount of the produced lentiviral
particles as TU/mL (data not shown). MOI of 1, 5, 10, 15, 25 were
considered for the transduction of T cells. As the results indicated
(Figure 2), MOI of 10 mediated the highest rate of transduction
alongside the lowest rate of rate of cytotoxicity; therefore, this MOI
was selected for the transduction of T cells for the rest of the
experiments. In reference to the flow cytometry result analysis, the
population of cells were first gated on PI-negative cells (live cells).

10.3389/fimmu.2023.1063838

Next, the PI-negative cells were gated on the expression of CD3
(CD3-positive cells), and then the population of CAR-positive cells
was assessed in each cell population.

3.3 Lentiviral transduction and assessment
of CAR expression rate on the surface
of CAR-Ts

Lentiviral transduction of the activated primary T cells resulted in
the efficient surface expression of VHH- and scFv-based CARs. In this
experiment, we used five different MOI for the lentiviral transduction
step. We considered MOI of 1, 5, 10, 15, and 25 for T cell transduction
to determine the optimized MOI which could result in the lowest rate
of cytotoxicity and highest rate of lentiviral transduction and CAR
surface expression. An MOI of 10 was selected as the optimized MOI
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Effects of different MOI on the viability and transduction rate of T cells. (A) Flow cytometry plots of the effects of different MOI (1, 5, 10, 15, and 25) on
the viability and transduction rate of T cells. (B) Statistical analyses of how different MOI result in different viability and transduction rates of T cell in the
process of CAR-T production. Data are expressed as the mean + SD. *p < 0.05, **p < 0.01, and ****p < 0.0001; ns, not significant. Each experiment was

carried out in triplicate (n = 3).
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for the transduction procedures in this study. Flow cytometry was
used to evaluate the efficacy of lentiviral transduction by analyzing the
surface expression of different CARs. According to the flow cytometry
plots presented in Figure 3, around 59% of the cells in the VHH-CAR-
T group were positive for the expression of VHH-based CARs,
whereas about 60% of the cells in the scFv-CAR-T group were
positive for the expression of scFv-based CARs.

3.4 VHH-CAR-Ts exhibited target antigen-
dependent expansion upon co-cultivation
with CD19-positive cell lines

Durable disease remission in cancer patients receiving CAR-T
therapy is highly dependent on the in vivo persistence and expansion
of the adoptively transferred CAR-Ts (23). The cytolytic activity or
cytokine release of CAR-T's does not necessarily guarantee that CAR-T's
can have efficient proliferation upon encountering their target cells.
Herein, CAR-negative T cells, VHH-CAR-Ts, and scFv-CAR-Ts were
labeled with CESE before co-cultivation with K562, Raji, and Ramos
target cells. Of note, the effector cells were not supplemented with IL-2
to be able to assess target antigen-dependent effector cell expansion. 72
hours after co-cultivation, the proportion of CAR-Ts divided was
assessed using flow cytometry. According to the results presented in
Figures 4A, B, VHH-CAR-Ts and scFv-CAR-Ts exhibited a
comparable proportion of cells divided over 72 hours of co-
cultivation with Raji and Ramos target cells in comparison with the
same effector cells co-cultured with K562 cells. Moreover, CAR-
negative control cells demonstrated significantly lower expansion
rates after 72 hours of co-cultivation with K562, Raji, and Ramos

10.3389/fimmu.2023.1063838

target cells in comparison with VHH-CAR-Ts and scFv-CAR-Ts (p
value < 0.0001 for both groups).

3.5 VHH-CAR-Ts meditated selective
cytolytic reactions against CD19-positive
cell line upon co-cultivation

Effector cells (VHH-CAR-Ts and scFv-CAR-Ts, and CAR-negative
control T cells) were co-cultured with target cells at three different E:T
ratios (3:1, 6:1, and 10:1). Target cells included K562 cells (as CD19-
negative cells), and Raji and Ramos cells as (CD19-positive cells). The
target-specific cytotoxic activity of the effector cells was assessed after 16
hours of co-cultivation with the target cells. According to the results
presented in Figures 5A, B, all three types of effector cells demonstrated
almost similar rates of cytotoxicity against K562 cells at each of the E:T
ratios. In the Raji group, VHH-CAR-Ts mediated a rate of around 20,
55, and 69% damaged target cells at 3:1, 6:1, and 10:1 E:T ratios,
respectively. In the same group, scFv-CAR-Ts mediated similar
cytotoxicity rates with around 27, 66, and 79% damaged target cells
at 3:1, 6:1, and 10:1 E:T ratios, respectively. These number were at least
two-fold higher than what was observed in the CAR-negative control
cells group except for VHH-CAR-Ts at 3:1 E:T ratio.

In the Ramos group, all three types of effector cells demonstrated
cytotoxic behavior similar to the Raji group. In detail, VHH-CAR-Ts
mediated a rate of around 22, 40, and 78% damaged target cells at 3:1,
6:1, and 10:1 E:T ratios, respectively. Furthermore, scFv-CAR-Ts
mediated similar cytotoxicity rates with around 32, 42, and 79%
damaged target cells at 3:1, 6:1, and 10:1 E:T ratios, respectively.
Similar to the Raji group, these numbers were almost two-fold higher
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FIGURE 3

Transduction efficacy of the developed CAR-Ts as assessed by staining surface-expressed CARs in different experimental groups. (A) Unstained.
(B) Non-transduced T cells. (C) The expression rate of VHH-based CARs on the surface of VHH-CAR-Ts. (D) The expression rate of scFv-based CARs on
the surface of scFv-CAR-Ts. Each experiment was carried out in triplicate (n = 3).
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FIGURE 4

Target antigen-specific activation and expansion of CAR-Ts. (A) Flow cytometry assessment of CFSE in CAR-negative T cells, VHH-CAR-Ts, and scFv-
CAR-Ts upon their co-cultivation with the CD19-positive target cell lines Ramos and Raji and the CD19-negative cell line K562. (B) Statistical analysis
between the expansion rate of CAR-negative T cells, VHH-CAR-Ts, and scFv-CAR-Ts upon their co-cultivation with the CD19-positive target cell lines
Ramos and Raji and the CD19-negative cell line K562. Data are expressed as the mean + SD. ****p < 0.0001. Each experiment was carried out in

triplicate (n = 3).

than what was observed in the CAR-negative control cells group
except for VHH-CAR-Ts at 3:1 E:T ratio. Overall, it can be stated that
scFv-CAR-Ts mediated slightly stronger target-specific cytotoxicity
than VHH-CAR-Ts against Raji and Ramos target cells. Of note, it
was also discovered that efficient antitumor activity of CAR-T's could
be achieved at higher E:T ratios.

3.6 VHH-CAR-Ts secreted almost similar
levels of IFN-vy, IL-2, and TNF-o. upon
encountering CD19-positive cell lines as
their FMC63-based counterparts

Target-antigen dependent cytokine production and secretion of
VHH-CAR-Ts, scFv-CAR-Ts, and CAR-negative control cells were
measured using ELISA after 24 hours of co-cultivation with K562, Raji,
and Ramos target cells at 6:1 E:T ratio. As presented in Figure 6,
separate analyses showed that both scFv-CAR-Ts and VHH-CAR-Ts
secreted higher levels of human IFN-y, human IL-2, and human TNF-o
in comparison with CAR-negative T cells upon co-cultivation with the
CD19-positive Raji and Ramos cells but not upon co-cultivation with
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the CD19-negative K562 cells or during single culture of the effector
cells. The secretion of human IFN-y, human IL-2, and human TNF-¢,
by VHH-CAR-Ts upon co-cultivation with Raji and Ramos cells were
significantly higher than their levels upon co-cultivation with K562 cells
or during single culture of the VHH-CAR-Ts as negative control (p
value < 0.0001, for all of the groups). The same pattern was observed in
regards to the secretion of IFN-y, IL-2, and TNF-o by scFv-CAR-T's
upon co-cultivation with Raji, Ramos, and K562 cells or during their
single culture as negative control (p value < 0.0001, for all of the
groups). Moreover, VHH-CAR-Ts and scFv-CAR-T's secreted almost
similar levels of IFN-y, IL-2, and TNF-o. while co-cultured with the
CD19-negative cell line K562 and the CD19-positive cell lines Raji and
Ramos. This could accentuate the fact that VHH-CAR-Ts can be as
potent as scFv-CAR-Ts in terms of secreting certain proinflammatory
cytokines in response to the presence of CD19-positive cell lines.

4 Discussion

CAR-T therapy has been considered a revolution in the treatment
of patients with certain hematologic malignancies. B-ALL, DLBCL,
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Cytotoxicity of CAR-Ts against the CD19-positive target cell lines Ramos and Raji and the CD19-negative cell line K562. (A) Flow cytometry assessment
of Pl staining in K562, Raji, and Ramos target cells after co-cultivation with CAR-negative T cells, VHH-CAR-Ts, and scFv-CAR-Ts at three different E:T

ratios (3:1, 6:1, and 10:1). Each pair of dot-plot and histogram relating to any

of the target cell lines at the upper panel of the figure represents their CFSE

signal level and viability, respectively, before co-cultivation. (B) The linear plot of the cytotoxicity rate of CAR-negative T cells, VHH-CAR-Ts, and scFv-
CAR-Ts against the CD19-negative cell line K562 and the CD19-positive target cell lines Raji and Ramos. Data are expressed as the mean + SD. *p < 0.05
and ****p < 0.0001; ns, not significant. Each experiment was carried out in triplicate (n = 3).

FL, MCL, and MM patients are now the beneficiaries of this cancer
treatment modality that is itself a result of intricate protein
engineering and cancer immunotherapy. Since 2017 that the first
CAR-T product was granted approval for medical use by the US FDA,
numerous clinical trials have started assessing the antitumor efficacy
and safety of this treatment method for patient with different
oncological and immunological indications. Among those CAR-T
therapy clinical trials that aim to investigate such products for the
treatment of patients with blood-based cancer, CD19, CD20, CD22,
and BCMA are the most frequent target antigens. In this study, we
constructed a CD19-redirected CAR whose targeting domain was
based on a VHH. Currently, most of the CAR-Ts being assessed in
clinical trials harbor scFvs as their targeting domains. The light chain
(V) and heavy chain (Vy) of an scFv are fused together by the means
of a flexible linker. Due to the fact that scFvs are recombinant
fragments derived from full-length mAbs, there have been reports
of their inherent tendency to aggregate on the surface of CAR-T's (24-
26). This occurrence, termed “tonic signaling”, leads to the antigen-
independent activation and downstream singling of CAR-Ts,
resulting in their exhaustion (24-26). For instance, Landoni et al.
conducted an experiment to modify the amino acid sequences of the
frameworks regions of CAR targeting domains to overcome the issue
of CAR tonic signaling (26). Tonic signaling debilitates the antitumor
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efficacy of the infused CAR-T cells, leaving room for disease
progression (23). As a solution, single-domain antibodies could be
applied as the antigen-recognition domain of CAR constructs, since
there have not been any reports regarding the tonic signaling of
VHH-based CAR-Ts. However, broader investigations are warranted
in this regard to clearly assess whether VHH-based CAR constructs
tend to aggregate on the surface of CAR-Ts to mediate tonic signaling.
This topic could be a direction for future research.

Most of the antigen-recognition fragments of CAR-T's are derived
from animal-origin antibodies which might be considered
immunogenic while administered to human subjects (23, 27, 28).
Several investigations have reported anaphylaxis in patients receiving
CAR-T products whose targeting domains were based on murine
scFvs (27, 28). Such reactions result in the production of neutralizing
antibodies in the body of the recipients, impairing the antitumor
efficacy of the infused CAR-Ts and the consequent abrogation of all
CAR-T-related therapeutic benefit as a result of their elimination
from circulation (23, 27, 28). To overcome this issue, scientists
proposed the strategy of humanizing such CAR targeting domains
for the generation of humanized CAR-T's or using targeting domains
derived from fully-human mAbs (23, 29-32). To date, several
humanized CAR-Ts are being assessed for their safety and
antitumor potential in various clinical trials (NCT02782351,
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ChiCTR1800017401, etc.) (18, 23, 29-31). Since the antigen-
recognition domain of our VHH-CAR-Ts was derived from a
camelid heavy-chain-only antibody, the issue of immunogenicity
might be one of the limitations of this study which warrants
further investigations.

Aside from the CD19 antigen, VHH-based CAR-Ts could also be
used for the simultaneous targeting of other hematologic malignancy-
associated target antigens such as CD20, CD22, CD123, CD30, etc
(17, 20). Of note, two VHHs could be fused and engineered into the
construct of any given CAR to enable CAR-Ts to target two different
antigens or two different epitopes of a single antigen. In particular,
our laboratory experience demonstrated that oligoclonal CAR-Ts,
equipped with oligoclonal anti-HER2 nanobodies, exhibit higher
proliferation, cytokine secretion, and tumoricidal capacity in
comparison with CAR-Ts harboring each of the single nanobodies
that constitute the oligoclonal CAR (33). To date, several clinical
investigations are assessing the safety and antitumor efficacy of
CD19/CD20- or CD19/CD22-redirected CAR-Ts for the treatment
of individuals with blood-based cancers (NCT03233854,
NCT03019055, and NCT03196830). The importance of such
applicability is accentuated in the case of CD19 downregulation or
loss as reported by various recent investigations (34-36). As
accumulating evidence suggests, malignant cells undertake intricate
mechanisms to escape immune surveillance (34-36). Such
mechanisms entail alternative splicing of the target antigen (such as
CD19) recognized by CAR-Ts in a way that the epitope recognized by
the targeting domain is no longer present in the target antigen (35,
36). In such cases, a CAR-T product equipped with a different
targeting domain whose epitope is still present in the alternatively-
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spliced target antigen should be taken into consideration (34). This
occurrence further highlights the importance of having different
CD19-redirected CAR-T products, so that patients with CD19-
positive malignancies can still continue to benefit from this
treatment modality as long as they have not experienced CD19 loss.
In this regard, a pilot study was conducted (NCT02975687) to assess
the safety and feasibility of CAR-Ts that target a different CD19
epitope, rather than that recognized by FMC63, in pediatric and adult
R/R B-ALL patients (34). The results demonstrated that 18 out of 20
patients (90%) achieved complete remission (CR)/incomplete count
recovery (CRi) within 28 days, thus highlighting the fact that the
antileukemic potential of these CAR-Ts can be as satisfactory as those
of conventional CD19-redirected CAR-T products (34).

scFv development requires the use of synthetic linker peptides for
fusing Vy; and Vy, domains (37). The presence of such linkers in the
construct of scFvs can be immunogenic and may trigger host
immunological defensive reactions through the production of
neutralizing antibodies (35, 38). In the case of nanobodies, the
absence of these synthetic linker peptides leaves no room for the
mediation of host immune responses. Similarly, VHH-based CAR-Ts
have been investigated in various clinical stages and there have not
been any reports regarding their immunogenicity and post-infusion
production of neutralizing antibodies against them. Also, limited
studies have indicated that nanobodies might be immunogenic in a
negligible way when used as the targeting domain of CAR-Ts
redirected against HER2 (39). It is worth mentioning that some
researchers have pointed out the fact that nanobodies are more
well-tolerated and less immunogenic for in-human use since their
sequences are highly similar to those of human Vy (40). Another
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structural difference between scFvs and VHHs is the long CDR3 of
nanobodies enabling them to bind specific epitopes that are not
accessible to human or mouse mAbs, or scFvs (41-43).
Additionally, the humanization process of nanobodies is considered
to be much simpler than that of scFvs due to the fewer amino acid
residue substitutions required for the humanization of nanobodies
(44). Such fewer number amino acid residue substitutions can reduce
the risk of affinity loss after humanization (18, 23). Also, unlike
nanobodies, the large DNA fragments of scFvs can adversely affect the
efficiency of transfection and viral packaging in the process of CAR-T
generation (45-47).

Moreover, studies have also reported mutations in the genes
encoding the target antigens which lead to antigen loss, to overcome
which CAR-Ts should be programmed to target different antigen(s)
(35). In addition to antigen loss, Ruella et al. have reported a rare
incidence in the manufacturing process of CD19-redirected CAR-Ts
which rendered a patient resistant to CD19-based CAR-T products,
despite the consistent expression of this antigen (48). In detail, a single
leukemic cell was accidentally transduced in the process of CAR-T
manufacturing which resulted in the expression of CAR molecules on
its surface, and their consequent engagement with CD19 on the surface
of the malignant cell (48). Following administration into the patient,
this single leukemic cell expanded and resulted in a vast population of
CD19-positive leukemic cells resistant to CD19-redirected CAR-T
products (48). In such cases, different target antigens should be taken
into consideration. According to the findings of a Phase I dose-
escalation study (NCTO04088890), three patients with large B-cell
lymphoma achieved CR following treatment with CD22-redirected
CAR-Ts after they experienced relapse from their previous treatment
with CD19-redirected CAR-Ts (49).

One of the benefits of developing potent CD19-redirected CAR-T
products is that they can be applied for the eradication of a wide range
of hematologic malignancies owing to the constitutive expression of
CD19. For instance, Novartis’ Kymriah has been granted permission by
the US FDA as a third-line treatment for B-ALL, DLBCL, and FL. Aside
from the mentioned oncological indications, CD19-redirected CAR-T
products are currently being assessed against various CD19-positive
hematologic cancers. As an example, Juno Therapeutics’ JCAROI7 is
currently being evaluated in an open-label Phase I/IT clinical trial
(NCT03331198) for the treatment of 259 individuals with R/R
chronic lymphocytic leukemia (CLL) or small lymphocytic
lymphoma (SLL). According to a study by Xue et al., a patient with
R/R classical Hodgkin’s lymphoma (cHL) was treated with low doses
and repeated infusions of CD19- and CD30-redirected CAR-Ts which
resulted in the prolonged progression-free survival (PES) of the patients
without any severe treatment-related toxicities (50). Xue and colleagues
further highlighted the importance of combination CAR-T therapy for
the treatment of cHL (50). CD19 might also be considered a suitable
target antigen in particular subtypes of MM cells, despite being absent
from the dominant MM cells (51). According to a clinical study by
Garfall and colleagues (NCT02135406), 2 out of 10 patients (20%) with
R/R MM underwent CDI19-redirected CAR-T therapy (CLT019)
following autologous stem cell transplantation (ASCT) and
melphalan-based salvage therapy, and experienced remarkably more
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prolonged PFS than when they only underwent ASCT as prior therapy
(479 versus 181 days for one patient, and 249 versus 127 days for the
other, respectively) (51). Based on the findings of a clinical investigation
by Zhou et al., CD19 might also be considered as a suitable target
antigen even for the treatment of patients with Burkitt’s lymphoma
(52). In detail, 3 out of 6 patients with Burkitt’s lymphoma, who
underwent CD19- and CD22-redirected CAR-T therapy, achieved an
objective response (two partial responses; one CR) (52). Clinical
investigations, such as those exemplified here, accentuate the
suitability of CD19 as a target antigen in a wide range of blood-based
cancers alongside the applicability of CD19-redirected CAR-T products
as possible treatment options.

VHH-based CAR-Ts were first introduced as alternatives to
overcome the limitations of scFv-based CAR-Ts. In the early days,
concerns were raised regarding the effectiveness of VHH-based CAR-
Ts (53). So far, numerous studies have demonstrated that VHH-based
CAR-Ts are capable of mediating specific target antigen-dependent
cytotoxicity against various types of malignancies both in preclinical
and clinical investigations (53, 54). In detail, the antitumor activity and
efficient effector function of VHH-based CAR-T's have been highlighted
in both hematologic malignancies and solid tumors (20). To our
knowledge, this is the first study comparing the antitumor activity of
VHH-based CD19-redirected CAR-Ts with their FMC63-based
counterparts. To date, other hematologic malignancy target antigens
such as CD20, CD7, CD33, CD38, and BCMA have also been targeted
using VHH-based CAR-Ts, and it has been demonstrated that these
engineered effector cells can mediate target antigen-dependent antitumor
activity and efficient cytokine secretion, and they have also been proven
to be well-tolerated and capable of mediating satisfactory CR rates in
clinical studies (53-59). Our in vitro results of the antitumor activity of
VHH-CAR-Ts are consistent with these clinical trials even though some
of the mentioned studies target non-B cell-specific target antigens (20). It
is also worth mentioning that ciltacabtagene autoleucel (also known as
cilta-cel or CARVYKTI) is a CAR-T product based on two single-domain
antibodies which was approved on February 28, 2022 by the US FDA for
the treatment of certain adult patients with R/R MM [12]. This was the
first single-domain antibody-based CAR-T product approved for medical
use in the US. Though this product targets BCMA, such favorable clinical
approvals can highlight the potential of single-domain antibody-based
CAR-Ts, at least in hematologic malignancies.

5 Conclusion

CAR-T therapy has proven to be a highly effective treatment
modality for certain patients with particular blood cancers who have
failed to respond to prior conventional therapies. To date, four CD19-
redirected CAR-T products have been granted the US FDA approval
for the treatment of certain patients, which highlights the potential
applicability of this cancer treatment modality and the suitability of
CD19 as a target antigen for the treatment of CDI19-positive
malignancies. In this study, we developed and characterized VHH-
based CD19-redirected CAR-Ts, and demonstrated that these
engineered effector cells could be as potent as their FMC63 scFv-
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based counterparts in vitro. Future studies will be focused on assessing
the safety and antitumor efficacy of our VHH-CAR-Ts in xenograft
animal models to further validate the findings of this investigation.
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