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ABSTRACT

Objective(s): In recent years, nanobodies (VHH) have beco. ~e attractive tools for cancer
immunotherapy due to their small size, low immunogenicity, anc excellent tissue penetration.
Historically, researchers have derived nanobodies from camelid imm. ne libraries, a process that
requires animal immunization and complex screening. PD-"1 is 1 critical immune checkpoint
molecule that suppresses T-cell activity by interacting with PD-1. Rlock.ng the PD-1/PD-L1 interaction
can reactivate the immune system against tumors.

Materials and Methods: In this study, the complerme tarity:determining region (CDR) grafting
approach was applied to engineer a humanized VH' ! fran.. urk by transferring the VH CDRs from
the therapeutic antibodies Atezolizumab, Avelun. b, < .d Durvalumab. Based on this strategy, two
novel constructs, designated PDL-VHH1 aiu ”DL VHHZ, were generated.

Results: To produce this recombinant proteii. the engineered biparatopic nanobody sequence
was synthesized and subsequently clc ed into the pET-21b(+) vector in an Escherichia coli origami
expression system. SDS-PAGE analysis c< ~firmed successful production of the biparatopic nanobody.
Indirect ELISA showed that PDL-VHH1 ha. the highest specific binding signal (OD450=1.82+0.14
at 0.130 pM, compared with 1.21+0.°9 fo' PDL-VHH2 and 0.15+0.03 for the control), and both
constructs showed concentration-dependent binding to immobilized PD-L1 across 0.0048-0.1305 uM.
Conclusion: These results un rsc. v P")L-VHH1 as a more promising candidate for future therapeutic
and diagnostic applications, while FUL-VHH2 serves as a useful binder with moderate affinity. This
study establishes a valueple fran._work for rapidly, cost-effectively, and efficiently designing in vitro

nanobodies that target ir ‘mun:: checkpoints.
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Introduction

Cancer is defined by incontrolled cell proliferation
driven by disruptions in ti.  regulatory mechanisms that
govern cell division and growwn (1). Normal cells and
the immune system express a set of immune checkpoints
(ICs) that are essential for modulating immune responses.
These pathways are critical for maintaining tolerance,
preventing autoimmunity, and limiting tissue damage
during inflammation. ICs are immunomodulatory proteins,
such as PD-1, PD-L1, and CTLA-4, that negatively regulate
immune responses (2). PD-L1 (programmed death-ligand
1) is a transmembrane glycoprotein belonging to the B7
family. It is expressed on activated macrophages, certain
T and B cells, as well as dendritic and epithelial cells,
particularly during inflammatory responses. Importantly,
tumor cells exploit PD-L1 expression to evade immune
surveillance. PD-L1 is linked to an immune environment

characterized by abundant CD8+ T cells and the secretion
of Thl cytokines and interferons. PD-L1 is recognized
as a protumorigenic element in cancer cells, functioning
by binding to its receptors and activating pathways that
promote proliferation and survival. Additionally, PD-L1
facilitates the epithelial-to-mesenchymal transition and
induces a stem cell-like phenotype in renal cancer cells
(3). The PD-1/PD-L1 axis is a critical pathway in tumor
immune evasion. Engagement of PD-L1 on tumor cells
with PD-1 on T cells triggers inhibitory signaling through
the CD28 pathway. This signaling cascade suppresses T-cell
proliferation and activation, reduces cytokine production,
and impairs cytotoxic T-cell function. Ultimately, this leads
to T-cell exhaustion and apoptosis, thereby dampening the
antitumor immune response (4). The primary issue with
existing cancer therapies, such as chemotherapy, is their
inability to differentiate between normal cells and cancerous
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cells. Furthermore, these treatments can result in a variety of
severe and permanent side effects, as well as the development
of drug resistance (5). Conversely, innovative therapies
that harness the immune system can more precisely target
tumor cells, enabling the development of novel anticancer
medications. By engineering and producing antibodies
directed against a specific antigen on tumor-cell surfaces,
treatment can be made more precise (6).

Immune checkpoint inhibitors (ICIs) represent a class
of cancer immunotherapies that bolster antitumor immune
responses. In certain situations, these medications can
provide long-lasting effects with reduced toxicity. Unlike
conventional therapies, ICIs rejuvenate and activate the
host immune system to combat tumor cells (7). Antibodies
targeting immune inhibitory receptors, including
CTLA-4, PD-1, and PD-L1, have been widely used as
immunotherapeutic agents over the past decade (8). The
U.S. Food and Drug Administration has approved three PD-
L1 inhibitors, Atezolizumab, Durvalumab, and Avelumab,
for application in specific solid tumors (9). Monoclonal
antibodies are antibodies generated against a particular
antigen. These antibodies are used for various applications,
including immunotherapy, because of their exceptional
specificity and affinity. Nonetheless, a notable drawback
of monoclonal antibodies is their complex structure; their
elevated molecular weight and disulfide bonds require
production in mammalian cells, which increases costs (10).

Nanobodies are a specific type of antibody found
predominantly in the peripheral blood of camelids,
including llamas, camels, and alpacas, and they address key
challenges and limitations of traditional antibodies (11).
Compared with monoclonal antibodies, nanobodies have .
lower molecular weight and lower immunogenicity, alo..g
with enhanced stability and tissue penetration. They 1 ind
their respective antigens swiftly and with high spec.ficiyy,
while the kidneys filter out unbound nanobod.es “ecsase
their small size (~15 kDa) falls below t-e ~lomerular
filtration threshold. Lacking a light chain a.. 1 CH1 domain,
the antigen-binding region consists suic'v ¢ the heavy-
chain variable region, which is-wiy t ey a1 > called single-
domain antibodies, VHHs, or nanobodic.{12).

Antigen-specific nanobod. s are typically derived from
three genetic sources: immun. 2nility, natural libraries,
and synthetic libraries. The immunogenicity approach
requires animals, while constructing nanobodies from
natural and synthetic libraries demands large libraries and
complex selection techniques (13). A novel strategy for
designing and constructing nanobodies involves isolating
the complementarity-determining regions (CDRs) from a
specific antibody and integrating them into the nanobody’s
framework, a technique known as CDR grafting. CDR
grafting effectively transfers CDRs with favorable binding
characteristics to the nanobody framework, thereby
enhancing efficiency (14, 15). A biparatopic nanobody
is defined as a construct comprising two different VHH
domains that recognize two distinct, non-overlapping
epitopes on the same target antigen, connected by a flexible
peptide linker. This configuration enables simultaneous
engagement of two separate epitopes on PD-L1, which can
enhance binding avidity, improve functional inhibition, and
potentially overcome resistance mechanisms associated
with single-epitope targeting. This design strategy is distinct
from bivalent nanobodies, which contain two identical
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binding domains recognizing the same epitope (16, 17). The
design of biparatopic nanobodies capable of simultaneous
binding to distinct PD-L1 epitopes could enhance avidity
and inhibitory potency. This study addresses this gap by
systematically grafting CDRs from three clinically validated
antibodies onto the stable Caplacizumab framework,
creating a novel biparatopic nanobody with potentially
superior binding characteristics and production efficiency.
To achieve this, the CDR regions from the antibodies
Atezolizumab, Avelumab, and Durvalumab were integrated
into the framework of the humanized Caplacizumab
nanobody, and the resulting two novel nanobodies were
linked together using a linker.

In this study, we designed biparatopic constructs
composed of two different VHH domains, both targeting
human PD-L1 but recognizing distinct, non-overlapping
epitopes on the same antigen. This biparatopic format
is distinct from bispecific antibodies, which engage two
different target antigens. Foli.wing the synthesis of the
designed gene and its cloning ii.*0 an expression vector,
the gene sequence was in'rodu ‘ed into the E. coli origami
expression system, ap.its Sinding affinity to the antigen
was assessed using tt e EL.5A technique.

Materia’s an 1 Mcthods
Design of «. *#:-PD-L1 nanobodies

The threc dimensional structures of Atezolizumab,
Avell mab, and Durvalumab antibodies, along with
the ant.ren-antibody complex, were retrieved from the
-0y in Data Bank (PDB codes: 5X8L, 5GRJ, and 5X8M,
tespactively). CDRs were identified using the IMGT
o ubase and grafted onto the humanized framework of
‘he Caplacizumab nanobody (PDB: 5M4W), selected
due to its high VH sequence homology (>85%) and
proven stability. A flexible (G,S), linker was designed to
connect the two nanobody domains. Two novel nanobody
constructs were generated: PDL-VHH]1, incorporating VH
CDRs from Atezolizumab and Avelumab grafted onto the
Caplacizumab framework, and PDL-VHH2, comprising
VH CDRs from Atezolizumab and Durvalumab within the
same Caplacizumab framework.

In the current in silico framework, each nanobody (VHH)
domain was modeled in complex with PDL1 independently
in order to characterize its individual binding mode and
interfacial interactions. These models were not intended to
imply simultaneous engagement of multiple VHH domains
with separate PDL1 molecules. Based on the relative spatial
arrangement of the identified binding sites, the two VHH
domains recognize adjacent or partially overlapping regions
on the PDL1 surface. While this spatial proximity suggests
that concurrent binding to a single PDL1 molecule may
be feasible with an appropriately designed linker, explicit
modeling or dynamic simulation of simultaneous dual
engagement was not performed in this study. Therefore, the
data support describing the constructs as bivalent, with the
potential for biparatopic binding, rather than definitively
demonstrating biparatopic engagement at the level of a
single PDL1 molecule.

Homology modeling and molecular docking investigations
of nanobody structures

The three-dimensional structures of the nanobody
constructs were created utilizing the SWISS-MODEL
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homology modeling server (https://swissmodel.expasy.
org/). The amino acid sequences of the VHH domains were
submitted in FASTA format, and the server automatically
identified appropriate structural templates from the Protein
Data Bank (PDB) based on sequence similarity. The
highest-scoring templates were chosen according to GMQE
(Global Model Quality Estimation) and QMEAN values.
The resulting models were visually examined using PyYMOL
to verify the integrity of the immunoglobulin fold and the
orientation of the CDRs.

Molecular docking simulations were conducted utilizing
the HADDOCK 2.4 web server (https://haddock.science.
uu.nl/). For molecular docking using HADDOCK 2.4, active
residues were identified through a multi-step approach.
First, the three-dimensional structures of the parental
antibody-PD-L1 complexes (PDB: 5X8L, 5GR], and 5X8M)
were analyzed to identify CDR residues forming direct
contacts (distance < 4.0 A) with the PD-L1 antigen. Second,
these residues were cross-validated against published
structural and mutagenesis data to confirm their role as
binding hotspots in PD-1/PD-L1 interaction studies. Third,
interface prediction using the PRODIGY and PISA servers
was performed to assess residue contributions to binding
energetics independently. Finally, residues were manually
inspected using PyMOL to ensure spatial accessibility and
proper orientation for antigen recognition. For each VHH
domain, the identified CDR residues were designated as
‘active’ in the HADDOCK docking simulations. In contrast,
adjacent framework residues within a 5 A radius were
assigned as ‘passive’ to facilitate docking. The docking
protocol was executed using default parameters, and the
resulting complexes were clustered based on interface
RMSD.

Molecular dynamics simulation

All' molecular dynamics (MD) simiia,.on. " were
conducted to explore the stability and interac*ion ¢ ynamics
of the antigen in conjunction with two/..xnobouies (PDL-
VHHI and PDL-VHH?2). We solvat' the '=itial antigen-
nanobody complex configurations#= a ¢ “bic box containing
explicit water molecules »=<ing the TIP3P water model.
The systems were neutralized b, ~dding an appropriate
quantity of counterion: Simulations were executed using
the Amber99SB-ILDN ftu -e field, which is recognized for
delivering precise dynamics of proteins and biomolecular
interactions. Each system wunderwent initial energy
minimization using the steepest descent algorithm to remove
steric clashes. Following this, the systems were equilibrated
under an NVT (canonical ensemble) for 100 picoseconds
at a constant temperature of 298 Kelvin, regulated by the
Berendsen thermostat. This was succeeded by an NPT
(isothermal-isobaric ensemble) equilibration for 100ps,
employing the Parrinello-Rahman barostat to maintain
the pressure at 1 bar. After equilibration, unrestrained
production MD simulations were performed for a period
of 50 nanoseconds for each complex. All simulations were
executed using the GROMACS 2021.4 software package.
The LINCS algorithm was employed to restrict bond
lengths, facilitating a 2-femtosecond integration time
step. Long-range electrostatic interactions were addressed
utilizing the Particle Mesh Ewald (PME) method. The
resulting trajectories were examined with the integrated
tools available in the GROMACS suite. The following
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properties were computed to evaluate complex stability and
interactions: the root mean square deviation (RMSD) of the
protein backbone, the root mean square fluctuation (RMSF)
of individual residues, the radius of gyration (Rg), and
intermolecular hydrogen bonds. Additionally, non-bonded
interaction energies (both electrostatic and van der Waals)
were calculated between the nanobodies and the individual
chains of the antigen. The visualization of the structures and
trajectories was conducted using the PyMOL molecular
graphics system.

Binding free energy calculations were performed using
the MM/PBSA (Molecular Mechanics/Poisson-Boltzmann
Surface Area) method implemented in the gmx MMPBSA
tool [11L4-L7][5tL3-L5]. A total of 200 snapshots were
evenly extracted from the last 40 ns of each 50 ns trajectory
[61L27-L29]. The binding free energy (AG,, ,) was calculated
as the difference between the free energy of the complex
and the sum of the free energies of the isolated receptor
and ligand [61L7-L11]: AG,, , = chmplex - (GProtein + GPepti i)
Solvent and solute diele:*ric constants were set to 80 and
2, respectively [61L29-L30]. The polar solvation free energy
was calculated by so'ving ‘he Poisson-Boltzmann equation,
while the non-polar -ont'ibution was estimated from the
solvent-accessible su. -face area (SASA) [61L21-L24].

Gen< u. ign, synthesis, and cloning

1 a.nino .cid sequences of the nanobody constructs
were 1. verse-translated into nucleotide sequences. Codon
optimiza..on was performed using the GenSmart™ Codon
C ctimization tool (GenScript, Piscataway, NJ, USA) to
imn.ove expression efliciency in E. coli. The optimized
sequences were subsequently verified in silico to confirm
the absence of unwanted restriction sites and ensure
manufacturability before commercial synthesis. Pishgaman
Gene Transfer Company (Iran) commercially synthesized
the designed nanobody genes. After synthesis, the nanobody
fragments were cloned into the pET 21b(+) expression
vector, regulated by the T7 promoter. The recombinant
plasmids were confirmed through restriction digestion
and Sanger sequencing to ensure the correct insertion
and orientation of the nanobody genes. After sequence
confirmation, the recombinant plasmids were supplied
lyophilized for subsequent transformation and protein
expression studies.

Bacterial host and transformation

The Escherichia coli Origami strain (Novagen) was chosen
as the bacterial host for the expression of recombinant
proteins due to its superior ability to form disulfide bonds
within the cytoplasm. Chemically competent cells were
generated and transformed with the recombinant pET-21 b
(+) plasmids containing the nanobody genes through the
heat shock method. After transformation, the cells were
spread on LB agar enriched with 50 mg/l ampicillin and
incubated at 37 °C for 24 hr. Distinct colonies emerged
post-incubation, signifying the successful selection of
ampicillin-resistant transformants. To verify the presence
of the recombinant plasmids, colony PCR was conducted
utilizing gene-specific primers that target the nanobody
inserts. The PCR products were examined via agarose gel
electrophoresis, and colonies that produced amplicons
of the anticipated size were chosen for further expression
studies.
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Expression and purification

Thessingle colonies of E. coli Origami containing the verified
recombinant pET-21 b (+) plasmids were selected after
colony PCR validation. These colonies were then inoculated
into LB broth enriched with 50 mg/L ampicillin and cultured
overnight at 37 °C while shaking at 200 rpm. The overnight
culture was then diluted 1:100 into fresh LB medium with
ampicillin and incubated until the optical density at 600 nm
(OD600) reached 0.6-0.8. Protein expression was induced by
adding isopropyl pD1thiogalactopyranoside (IPTG) to a final
concentration of 1 mM, followed by incubation at 37 °C for 4
to 6 hr with shaking. Cells were harvested by centrifugation
at 10,000xg for 10 minutes at 4 °C. The cell pellets were then
resuspended in lysis buffer and analyzed by SDS-PAGE to
confirm recombinant protein expression. Comparisons were
made between samples from induced and uninduced cultures
to verify the IPTG-dependent expression of the two anti-
PD-L1 biparatopic nanobodies. The induced samples showed
distinct bands matching the anticipated molecular weights
(28.7 and 29.1 kDa), confirming successful expression.

The cell pellet was resuspended in a 1:4 lysis buffer (50
mM Tris-Cl, 1 mM EDTA, pH 8.5) and sonicated for 10
sec in an ice bath with an interval of 20 sec for 20 cycles,
then centrifuged at 12,000 rpm for 20 min at 4 °C. After
confirming the expression of nanobodies in the form of
inclusion bodies, the inclusion bodies obtained from 200 ml
of bacterial culture were dissolved in 5 ml of inclusion body
solubilization buffer containing 8 M urea and NaH PO
(100 mM). The resulting pellet was completely solubilize
by vortexing, and the solution was incubated overnight at
4 °C. Following incubation, the samples were centrifuged at
20,000 rpm for 20 min to remove insoluble impurities.

The clarified supernatant was then subjected to
purification using a nickel affinity column (Ni-NTA). The
supernatant was slowly loaded onto the column, afte:
which the column was initially washed with refold:ng
buffer containing 8 M urea. Subsequently, to e.nove
proteins that were nonspecifically bound to the -olumn,
washing was performed using refolding buff’ - conu. ining
17 mM imidazole at 25 °C, and the collec*~1 fi_ ~tion was
designated as the second wash. For e'tion, the cotumn was
washed with 5 ml of refolding buffer coi »ining 275 mM
imidazole to elute the final nano ‘ody bound to the column
via the His tag. After purificatio. 20 uL of each fraction
was loaded onto a 15% SDS-PAGE ge. 0 confirm nanobody
presence in the collected fractions. Fractions containing
nanobody were transferred into a dialysis bag, and stepwise
dialysis was performed to remove urea and prevent
improper protein folding gradually. Accordingly, the urea
concentration in the surrounding buffer was reduced every
24 hr until it reached zero (6 M, 3 M, 2 M, 1 M, 0.5 M, and 0
M). All dialysis buffers were adjusted to pH 8.0. To facilitate
disulfide bond formation and achieve proper folding of the
nanobody, oxidized glutathione (GSSG; 375-400 pM) and
L-arginine (400 mM) were added to the 1 M urea refolding
buffer. The Falcon tube containing the dialysis bag was then
incubated overnight at 4 °C. Finally, after complete removal
of urea, the dialysis buffer was discarded and replaced with
1x PBS buffer containing NaCl (137 mM), KCI (2.7 mM),
NaH,PO, (100 mM), and KH,PO, (2 mM). The sample
was incubated for an additional 24 hir at 4 °C. At the end of
the refolding process, the refolded nanobody solution was
recovered from the dialysis bag, and its concentration was
determined using a NanoDrop spectrophotometer (A, ).
Protein concentration was also confirmed by Bradford assay
using BSA as standard. From a 200 ml bacterial culture,
approximately 15-18 mg of total inclusion body protein
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was obtained. After solubilization in 8 M urea and Ni-NTA
purification, the clarified supernatant yielded approximately
12-14 mg of solubilized protein. Following stepwise dialysis
refolding, approximately 1.5-2.5 mg of purified, soluble
nanobody was recovered, representing an overall refolding
yield of 10-15% from the initial inclusion body material. The
final concentrations of refolded PDL-VHH1 and PDL-VHH2
were 0.85 mg/ml and 0.72 mg/ml, respectively, sufficient
for subsequent ELISA characterization. These yields are
consistent with previously reported refolding efficiencies for
disulfide-bond-rich VHH nanobodies expressed in bacterial
inclusion bodies. The final samples were stored at —20 °C for
subsequent experiments, including ELISA.

Indirect enzymelinked immunosorbent assay (ELISA)

The binding activity of recombinant nanobodies targeting
PDLI1 was assessed through indizcct ELISA. In summary,
96-well microtiter plates were -oated with recombinant
PDL1 antigen at a concentratioz: >f 5 pg/ml in PBS and
incubated overnight at 4 °C. Tha vlau ~were washed three
times with PBST (PBS contiinin, 0.05% Tween-20) and
subsequently blocked with 2. (w/v) skimmed milk in
PBS for 2 hr at 37 °C tc inhiit nonspecific binding. After
removing the blockirig sc™:tion, nanobody samples diluted
in PBS were adac “to >e wells and incubated under the same
conditions: 1 llowing t.iree washes with PBST, the bound
nanobodies we.  identified using an HRP-conjugated anti-
6xHis «atibody (,.1000 dilution) for 1.5 hr at 37 °C. After
washing, ‘he TMB substrate was added, and the reaction
was all ywead .5 develop at room temperature. The enzymatic
reacr.on ..us terminated by adding H,SO,, and absorbance
w. s recorded at 450 nm using a microplate reader.

Si.tistical analysis

All statistical analyses were conducted utilizing GraphPad
Prism software, version 5.0 (GraphPad Software, San Diego,
CA, USA). The data are expressed as mean + standard
deviation (SD) unless specified otherwise. Comparisons
between two independent groups were performed using an
unpaired Student’s ttest. A Pvalue of < 0.05 was considered
statistically significant.

Results
Design and construction of biparatopic anti-PD-L1
nanobodies

Using a CDR grafting strategy, two novel biparatopic
anti-PD-L1  nanobodies were designed. The three
complementarity-determining regions (CDR1, CDR2,
and CDR3) from the heavy chain variable domain (VH)
of the monoclonal antibodies Atezolizumab (PDB: 5X8L),
Avelumab (PDB: 5GR]J), and Durvalumab (PDB: 5X8M) were
grafted into the VHH framework of Caplacizumab (PDB:
5M4W). Two distinct biparatopic constructs were generated:
PDL-VHHI, comprising VH CDRs from Atezolizumab and
Avelumab, and PDL-VHH2, comprising VH CDRs from
Atezolizumab and Durvalumab. The two engineered VHH
domains in each construct were linked using a flexible (G,S),
peptide linker to facilitate tandem antigen engagement. The
amino acid sequences and schematic representations of the
constructs are provided in Figures 1 and 2.

The 3D models (Figures 1B and 1D) illustrate the
interaction between the nanobody constructs and the
PDL1 antigen. In the PDLVHH models, the CDR loops
point toward the PDLI binding interface, indicating
their direct involvement in antigen recognition. In the
biparatopic constructs, both VHH domains are strategically
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A)

EVQLVESGGGLVQPGGSLRLSCAASGFTF
CDR1
SDSWIHWFRQAPGKGREW VAWISPYGGS
CDR2
TYYADSVKGRFTISRDNAKRMVYLQMNS
CDR3
LRAEDTAVYYCARRHWPGGFDY WGQGT
QVTVSSGGGGSGGGSEVQLVESGGGLVQ
CDR1
PGGSLRLSCAASGFTFSSYIMMWFRQAPG

CDR2
KGREWVSSIYPSGGITFYADTVKGRFTISR

PDL-VHH1

DNAKRMVYLQMNSLRAEDTAVYYCARI

o Sgrj-VHH
KLGTVITVDYWGQGTQVTVSS

C) D)

PD-L1 antigen

EVQLVESGGGLVQPGGSLRLSCAASGFTF
CDR1 CDR2
SDSWIHWFRQAPGKGREWVAWISPYGGS

TYYADSVKGRFTISRDNAKRMVYLQMNS

CDR3
LRAEDTAVY YCARRHWPGGEDY WGQG T
Peptide linker
QVTVSSGGGGSGGGSEVQLYESGGGLYQ
CDRI1
PGGSLRLSCAASGFTFSRY WMSWFRQAP

GKGREWVANIKQDGSEKYYVDSVKGRFT

ISRDNAKRMVYLQMNSLRAEDTAVYYCA
PDL-VHH2

CDR3
REGGWFGELAFDYWGQGTQVTVSS 5x81-VIIIT Sx8m-VHH

Figure 1. Amino acid sequences of nanobodies PDL VHH1 (A) and PDL VHH2 (C), a. 1 schematic representation of their biparatopic structural architec-
tures (B and D)
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Figure 2. Comparative interaction analysis of PD L1 with different VH domains

(A) Detailed view of the binding interface between PD L1 antigen (PD L1 Ag; green) and the 5x81 VH domain (cyan). Interfacial residues are shown as sticks and labeled. Hydrogen
bonds and close polar contacts are indicated by dashed yellow lines, with interaction distances given in A. (B) Binding interface between PD L1 Ag (green) and the 5grj VH domain
(cyan). Key interacting residues and hydrogen bond networks stabilizing the complex are highlighted and labeled, with distances shown in A. (C) Binding interface of PDL VHH1
with the PD L1 antigen, with key interacting residues highlighted in the inset panels.
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A) B)
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on [ 5uBlVH
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SER-57

19%
GLU-71
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PHE-230

ARG lp
30

TRP-229

ARG-125

GLU-232

Figure 3. Structural comparison of PD L1 interactions with 5x81 VH and 5x8M VH domains

(A) Detailed view of the binding interface between PD L1 antigen (PD L1 Ag; green) and the 5x81 VH domain{

n). . ‘erfacial residues are shown as sticks and labeled. Hydrogen

bonds and short range polar contacts are indicated by dashed yellow lines, with corresponding interacti< 1 dista ces gi. n in A. (B) Binding interface of PD L1 Ag (green) with

the 5x8M VH domain (cyan). Key interacting residues involved in the molecular recognition of PD L1 arc
5x8I VH complex. (C) Binding interface of PDL VHH2 with the PD L1 antigen. Insets depict the principal co.

overviews at the bottom of each panel indicate the regions enlarged in the insets.

positioned to bind to PDLI at the same time, with the
peptide linker offering adequate flexibility to facilitate dual
binding. The structural visualization emphasizes the spatial
configuration of CDRs and their accessibility to the PDL
surface. As illustrated in Figure 2, structural modeliiz
has identified distinct binding interfaces for PDL-VITH1
on PDLI. The detailed interaction maps reveal nuu ero.

hydrogen bond contacts, with critical residues estoblish'ng
stabilizing interactions with PDL-VHHI1. T e reco.ded
interatomic distances (2.6-3.9 A) validat the ‘lose and
stable interactions at the binding interfacc In Figure 3,
both PDL-VHH2 domains form mulfiple . yd.ogen bonds
within 2.7-3.3 A, indicating stable t nding. The distinct

beled, highlighting the changes in contact residues compared to the
»ct residues mediating nanobody-antigen recognition. Schematic

set¢ of ‘nteracting residues identified in the docking
c2oc e caggest that the two VHH domains may recognize
adjacent or partially overlapping regions on the PD-L1
o ace. However, these computational predictions require
~xperimental validation to confirm epitope specificity and
non-overlap.

Molecular dynamics (MD) simulation

To assess the structural stability and enhance the docking
complexes, a 50 ns molecular dynamics (MD) simulation
was conducted for the docked antiPDL1 VHHs, yielding
insights into their conformational dynamics and interaction
stability over time. The RMSD profiles (Figure 4A) indicated

A) RMSD B) RMS fluctuation
n — i3 T T T T
= PDL-¥HH1
1
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Figure 4. Molecular dynamics of the biparatopic nanobody constructs
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A) Root mean square deviation (RMSD) calculations, B) Root mean square fluctuations (RMSF), C) Radius of gyration, D) Hydrogen bonds of 5x8]-VHH domains of biparatopic
nanobodies with PD-L1 antigen, and E) Hydrogen bonds of 5grj-VHH and 5x8m-VHH domains of biparatopic nanobodies with PD-L1 antigen.
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Table 1. Interface characteristics of biparatopic nanobody-PD-L1 complexes
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No. of interface Interface area No. of non-
Biparatopic nanobodies Monovalent domain ~ Antigen . No. of salt bridges  No. of hydrogen bonds
residues ' {A2) bonded contacts

5x81-VHH A 12:13 583:578 - 16 119
IDL-VHH1

5grj-VHH A 14: 14 697: 608 2 10 167

5x81-VHH A 12:18 737:705 - 6 107
I'DL-VHH2

5x8m-VHH A 12: 11 616: 556 1 4 124

Structural interface metrics for two biparatopic nanobody constructs (PDL-VHHI and PDL-VHH2), each consisting of two monovalent segments targeting PD-L1. For each
monovalent segment, the following parameters are reported: number of interface residues (presented as VHH residues: antigen residues), interface area (A?), salt bridges, hydrogen
bonds, and non-bonded contacts. PDL-VHHI contains 5x8]-VHH and 5grj-VHH domains, whereas PDL-VHH2 consists of 5x81-VHH and 5x8m-VHH. The data illustrate the
distinct interaction profiles and binding contributions of each segment within the biparatopic configuration.

'No. of interface residues between VHH domain and antigen.

that PDL-VHHI1 reached equilibrium sooner and remained
stable with lower deviations, while PDL-VHH2 showed
greater structural deviations over time, indicating lower
conformational stability. Analysis of residue-level flexibility
(Figure 4B) showed that PDL-VHH2 exhibited greater
fluctuations across several loop regions than PDL-VHH]I,
although both constructs maintained relatively stable core
regions. As shown in Figure 4C, PDL-VHHI maintained a
relatively stable, compact conformation throughout the 50
ns simulation, with Rg values fluctuating narrowly around
a lower mean. Conversely, PDL-VHH2 showed higher
Rg values and greater fluctuations, indicating reduced
compactness and increased conformational flexibility. The
number of intramolecular hydrogen bonds (Figures 4D and
E) was consistently higher in PDL-VHHI than in PDL-
VHH2, with PDL-VHHI1 showing more stable hydrogen-
bonding patterns throughout the simulation. This implies
stronger internal stabilization forces in PDL-VHHI.
Analysis of molecular interfaces in the biparatopic
nanobody constructs revealed unique binding properties
for each monovalent segment (Table 1). In PDL-VHH]I,
the 5x8]-VHH domain formed 12-13 interface residues,
yielding an interface area of ~580 A2 supported by lo
hydrogen bonds and 119 non-bonded contacts, with ..o alt
bridges. Conversely, the 5grjVHH domain intera<tc 1 with
14 residues on both sides of the interface, exhibi. ng a L. ger
buried surface area (~697/608 A?) and stabil'=ed v 2 salt
bridges, 10 hydrogen bonds, and 167.:.on-l onde 1 contacts.
For PDL-VHH?2, the 5x81VHH comain s..»ed broader
interactions (12-18 residues) and' ‘he largest interface area
(~737/705 A?), but had fewer hydr. ven bends (6) and 107
non-bonded contacts, with no salt briages. The 5x8mVHH
domain formed contacts with 12-11 residues, yielding a
moderate interface area (~616/556 A?) stabilized by 1 salt
bridge, 4 hydrogen bonds, and 124 non-bonded contacts.
MM/PBSA binding free energy calculations were
performed to assess the thermodynamic stability of the
nanobody-PD-L1 complexes quantitatively. As shown in

Table 2. MM/PBSA (Molecular Mechanics/Poisson-Boltzmann Surface
Area) binding free energy components for PDL VHH1 and PDL VHH2
complexes with PD L1

Construct ABvaw ABelec AGpolar AGnonpolar ACibind
onstruc

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
PDL-VHHI1 98.4+4.2 152.6+6.8 +135.245.1 12.8+0.9 128.6+3.5
PDL-VHH2 82.14£5.6 118.3£7.2 +104.5£6.3 10.2+0.8 106.1+4.1

AEvdW: van der Waals interaction energy; AEelec: electrostatic interaction energy;
AGpolar: polar solvation free energy; AGnonpolar: non polar solvation free energy;
AGbind: total binding free energy. Values are reported as mean+standard deviation.
More negative AGbind values indicate stronger binding affinity

Iran J Basic Med Sci, 2027, Vol. 30, No.

Table 2, PDL-VHH]1 exhibited a significantly more favorable
binding free energy (-128.6 + 3.5 kcal/mol) compared to
PDL-VHH2 (-106.1 £ 4.1 kcal/mol), corresponding to a
AAG of -22.5 kcal/mol. The enhar-ed binding affinity of
PDL-VHH]I is primarily attributcd to its more favorable
electrostatic interactions (-152.6 k.. 1/mol vs. -118.3 kcal/
mol for PDL-VHH2), consistent.with ‘he greater number
of hydrogen bonds and salt bridges identified at the PDL-
VHHI interface (Table 1). Thes. ~omputational predictions
agree well with our exyerim ntal ELISA results, where
PDL-VHHI consistent.y s. ~wed stronger binding signals.

Production ar. ? pu -ificar.on of nanobodies

Recombinant "HH constructs were successfully cloned
into the | ET21b(+, vector and verified by colony PCR and
sequenciiy. Following transformation into Origami (DE3)
E. coli "ud 1. duction of expression, SDSPAGE analysis
revear.d a jzominent band at ~30 kDa, consistent with the
rrelictec molecular weight of the VHH nanobodies. The
s lubuized pellets showed that the majority of the protein
was ocalized in inclusion bodies. Crude lysates displayed
tle target protein along with bacterial contaminants,
while NiNTA purification efficiently enriched the VHH
constructs. Washing with 20 mM imidazole removed
most nonspecific proteins, and final elution with 500 mM
imidazole produced a strong, distinct ~30 kDa band with
minimal background, confirming successful expression and
purification of the recombinant nanobodies (Figure 5).

PDL-VHHI PDL-VHH2
1 z 3 4 L 5 6 T 8
- 72 kDa
-
— - 35kDa
— . g
- 25 kDa

Figure 5. Expression and purification of nanobodies analyzed by 12% SDS PAGE
Lanes 1 and 5: whole cell lysates collected 8 h post induction; lanes 2 and 6: flow-
through fractions after nickel affinity chromatography; lanes 3 and 7: eluates obtained
with imidazole buffer; lanes 4 and 8: purified nanobody preparations. Lane L:
molecular weight marker.
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Figure 6. Binding activity of nanobodies PDL VHH1 and PDL VHH2 compared with control

(A) Indirect ELISA assay showing optical density at 450 nm (OD450) for PDL VHHI1, PDL VHH2, and control samples. Both nanobodies showed significantly higher OD450
values than the control, indicating specific binding. (B) Dose response curves of nanobody binding, with OD450 plotted against nanobody concentration (0.0048-0.1505 uM).
PDL VHH1 demonstrated the strongest binding signal across concentrations, followed by PDL VHH2, while the control remained at baseline levels.

Indirect ELISA

The binding activity of the refolded recombinant
nanobody constructs against PD-L1 was assessed using
indirect ELISA (Figure 6). All experiments were performed
in triplicate, and specificity was rigorously confirmed
using control wells lacking immobilized antigen. In the
endpoint assay (Panel A), both PDL-VHHI and PDL-
VHH2 demonstrated specific and robust binding to
immobilized PD-L1 when compared to the negative control
wells, with PDL-VHHI1 yielding the highest mean OD450
signal. In the concentration-dependent binding assay
(Panel B), PDL-VHHI1 showed a clear, dose-dependent
increase in specific binding across the tested concentration
range (0.0048-0.1305 pM) and achieved the highest
absorbance values. PDL-VHH?2 also showed clear, specific
concentration-dependent binding to PD-L1, though with a
lower maximal signal intensity relative to PDL-VHHI. T .»
negligible absorbance observed in all no-antigen coz ol
wells confirmed the high specificity of the interacticn for
immobilized PD-LI.

Discussion

Generating nanobodies through ti.dition' i animal
immunization or synthetic librarv- ree.ing is often
resource-intensive and complea, cre ting 1 need for more
streamlined design strategizs (18). i<~ address this, we
employed arational CDR gra. ing approach, transplanting the
antigen-binding loops from c.. isoliy validated anti-PD-L1
antibodies (Atezolizumab, Avelumab, and Durvalumab)
into the structural framework of the humanized nanobody,
Caplacizumab. Our work aligns with the paradigm
shift in nanobody engineering from simple monovalent
nanobodies toward sophisticated multispecific constructs.
As demonstrated by the successful engineering of humanized
biparatopic anti-CD52 nanobodies (19), integrating
computational modeling with CDR grafting can create agents
with enhanced avidity and clinical potential. Furthermore,
developing  bispecific  anti-PD-L1/VEGF  nanobodies
highlights the platform’s unique ability to inhibit distinct
yet synergistic disease pathways (20) simultaneously. These
advancements, which demonstrate effective suppression of
HUVEC and A431 cell growth by concurrently targeting PD-
L1 and VEGE confirm that nanobody modularity enables
next-generation therapeutics that address the shortcomings
of traditional monoclonal antibodies.

Structural analyses reveal distinct epitope targeting and

specific molecular interactions between our VHH constructs
and the canonical PD-L1 bi.ding interface, providing a
structural basis for their pote atial interaction with the PDL1
binding interface. Identifying «‘stinct binding interfaces in
our docking models is pazw.< tlarl significant, as it suggests
the potential to enginee. bipa atopic molecules capable of
synergistic binding: r.iwe.or, we acknowledge that these
computational prea’<tions must be validated experimentally
to confirm +tha. the two VHH domains indeed recognize
non-ov -lapy ing pitopes on PD-L1. Future studies
employin, “ompetitive ELISA or surface plasmon resonance
(£PR) will be essential to confirm epitope specificity and to
cha: cterize ‘the binding kinetics of our constructs (21).
Slen e. al. (2025) illustrate this principle, reporting that
© b, uatopic nanobody, CRNB909, showed significantly
imroved potency by simultaneously engaging two distinct
cpitopes. This resulted in the inhibition of TSLP binding to
both TSLPR and IL-7Ra at the same time (22). Moreover,
this multi-epitope targeting approach offers a strategic
remedy for tumor immune evasion, a recognized clinical
issue in which mutations at the PD-1/PD-L1 interface
may confer resistance to monotherapy, as emphasized in
structural research by Nowicki et al. (2018) (23).

The distinct structural dynamics of PDL-VHH]1 and PDL-
VHH2 highlight akey principle in biotherapeutics: the balance
between rigidity and flexibility. PDL-VHHI exhibited lower
Rg, reduced RMSD, and more hydrogen bonds, indicating a
more compact conformation. These features may influence
stability and developability, though such properties cannot be
directly inferred from simulations alone.

Conversely, the heightened conformational fluctuations
observed in PDL-VHH?2 are not intrinsically detrimental.
This flexibility may support a consistent induced-fit
model, potentially enabling the nanobody to adapt to
conformational heterogeneity within the target epitope
(24). Studies on other protein scaffolds support this
phenomenon; for instance, Kong et al. demonstrated that
regulated flexibility in antibody CDRs was essential for
achieving high-affinity binding to a viral antigen (25).
Consequently, while PDLVHH]1 exhibited comparatively
more compact structural behavior in the simulations, PDL-
VHH2’s intrinsic adaptability may offer distinct advantages
for targeting specific, cryptic, or less-accessible epitopes
on PD-L1 that require molecular plasticity for effective
engagement. This contrast highlights the importance of
MD simulations, which not only help select candidates but
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also inform strategic decision-making (26). By clarifying
dynamic profiles, we can rationally select a stable nanobody
for effective blockade or a more flexible one for complex
epitopes, guiding subsequent validation with biophysical
techniques such as surface plasmon resonance to link
nanobody dynamics to binding kinetics and therapeutic
efficacy quantitatively.

Interface analysis revealed distinct binding mechanisms
between the two constructs. PDL-VHH1 showed a well-
balanced interaction profile: the 5x81 VHH domain
contributed a dense hydrogen-bond network, while the
5grj VHH domain provided complementary stabilization
through salt bridges and extensive non-bonded contacts.
This combination of directional and electrostatic interactions
may contribute to stabilization of the modeled interface,
as the formation of salt bridges has been demonstrated
to significantly improve binding affinity and thermal
stability in engineered protein interfaces (27), a principle
illustrated in the optimization of therapeutic antibodies
by Xu et al. (28). In contrast, PDL-VHH2. However, it
engages the largest interfacial area, primarily through its
5x8] VHH domain, and relies heavily on a broader range
of non-bonded interactions, with relatively few hydrogen
bonds and salt bridges. This interface, dominated by
hydrophobic and van der Waals forces, often provides
greater conformational flexibility, enabling the nanobody to
accommodate target structural fluctuations, a characteristic
observed in binders that interact with flexible loops (29). As
a result, the enhanced directional stability attributed to the
increased hydrogen-bond count in PDL-VHHI provides a
solid structural justification for its superior performance in
our functional binding assays. These results establish PDL-
VHHI as the most appropriate candidate for therapeutic
development in scenarios requiring a strong, stable blockade
of PD-L1. At the same time, the flexible and adaptak'
interface of PDL-VHH2 should not be overlooked its
ability to interact with dynamic or cryptic epitopes< cou'?
be utilized in biparatopic configurations, where it; exi nsive
interface may complement the precise, high-affir. ‘v anchor
offered by PDL-VHHI, thereby forming a sy1.ergistic
therapeutic approach with an incrsased re istance barrier.
The successful development of nti-PD-L1 nanobodies,
from expression to functional v lidatiop, illustrates an
integrated pipeline that navigates con...-c.1 challenges in the
development of biologic drugs.

Structural comparison of the parental monoclonal
antibody VH domains and the corresponding CDRgrafted
VHH constructs revealed a partially conserved binding
mode toward PDL1. In particular, the overall orientation
of the complexes and the dominant contribution of the
CDR3 loop are maintained, with CDR3 engaging a similar
functional surface region of PDL1 as observed in the parental
VH-PDL1 complexes. However, despite the use of identical
CDR sequences, clear differences in local binding geometry
and interfacial contact networks are observed. These
differences arise primarily from the distinct framework
architecture of VHHs compared with conventional VH
domains, most notably the absence of a paired VL domain
and the intrinsic structural constraints of the VHH scaffold.
As a consequence, CDR1 and CDR2 loops adopt slightly
shifted conformations, with differences in loop flexibility
and electrostatic surface distribution that reorient the
antigenbinding site. This scaffolddependent reorganization
enables the grafted VHH constructs to engage adjacent or
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partially overlapping surface regions of PDLI1 rather than
reproducing an identical epitope footprint. Importantly,
these alternative interaction patterns still involve key PDL1
residues that contribute substantially to binding energetics,
thereby supporting the preservation of antigen engagement
despite differences at the residuelevel interface. Collectively,
these results do not suggest that identical CDRs recognize
unrelated epitopes; rather, they indicate a shifted or
expanded interaction footprint within the same functional
epitope region of PD-L1, consistent with previous reports
showing that CDR grafting onto VHH scaffolds can preserve
antigen recognition while modulating fine specificity
through framework effects.

Recombinant VHH proteins often form inclusion
bodies, necessitating denaturing purification, a common
feature of high-yield microbial production systems. The
literature extensively documents this phenomenon: rapid
overexpression of disulfide-bonded proteins such as VHHs
often overwhelms the bacterial fol'iig machinery, leading
to aggregation (30, 31). Our extrac.’on of pure, though
unfolded, protein through Ni-N 1A shromatography under
denaturing conditions provic>d tie essential material
foundation for subsequent tu.. stional characterization. The
critical refolding proc:ss, accomplished by systematically
removing denats “nw in the presence of redox-shuffling
agents, was~ ruciu fo. ‘restoring the antigen-binding
paratope’s native conformation and functional integrity,
a well-C tablished  trategy for recovering proteins from
inclusior v dies (32).

ELIS. resi (s indicate that the refolded nanobodies can
recogr.ize DL1 under the tested conditions. PDLVHH1
vroucer stronger ELISA signals than PDLVHH2 across
t. > tested concentrations, and this construct showed a
mouc stable conformational profile and more stabilizing
i-iterfacial interactions in molecular dynamics simulations.
While these observations are consistent with the structural
trends observed in the simulations, ELISA measurements
do not provide quantitative binding affinity or kinetic
parameters (29, 30). This is particularly relevant in the
context of recent advances in biparatopic nanobody design,
exemplified by the work of Liu ef al. on a biparatopic HER2-
targeted nanobody, which demonstrated that biparatopic
formats can not only block ligand binding but also actively
modulate receptor clustering and internalization (33). Using
these well-established design principles, our construct is
a candidate for further investigation in studies evaluating
checkpoint inhibition activity. The observed structural
and functional synergy in our lead candidate, especially its
compact conformational profile in simulations and stronger
ELISA signal, offers a solid basis for further development as
both a monotherapeutic agent and as a foundational element
for more intricate multi-specific constructs. Future studies
using surface plasmon resonance (SPR) will be needed to
determine the precise dissociation constants (KD) and
binding kinetics of PDL-VHHI1 and PDL-VHH2, enabling
a more rigorous comparison with clinically approved anti-
PD-L1 antibodies.

Directly benchmarking each CDR-grafted VHH against
its parental monoclonal antibody or corresponding scFv
format would provide a quantitative measure of affinity
and specificity retention after grafting. In this study, the
focus was placed on structural feasibility and comparative
binding modes of the grafted nanobodies using in silico
modeling. Experimental comparison with parental or
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clinically approved anti-PD-L1 antibodies was therefore
not included. While our study successfully establishes a
computational and experimental pipeline for the rational
design of anti-PD-L1 nanobodies and confirms specific
antigen binding via ELISA, functional validation of PD-1/
PD-L1 checkpoint blockade is a critical next step. Future
studies will employ cell-based assays, including Jurkat T-cell
reporter systems and primary T-cell co-culture experiments,
to quantitatively assess the ability of PDL-VHHI and PDL-
VHH2 to restore T-cell activation, proliferation, and effector
cytokine secretion. Such functional data will be essential for
advancing these candidates toward therapeutic applications.

Conclusion

This study successfully demonstrates the rational
design and development of novel anti-PD-L1 nanobodies
through an integrated approach of CDR grafting, molecular
dynamics simulations, and experimental validation. We
show that the engineered nanobody, PDL-VHH]I, adopts a
compact, stable conformation, forms numerous favorable
interactions at the PD-L1 binding interface, and produces
stronger ELISA signals than PDLVHH2 under the tested
conditions. Despite the challenge of inclusion body
formation, effective bacterial expression and purification
yielded functional proteins suitable for characterization.
Crucially, the ELISA results confirm the high specificity
and dose-dependent binding of our constructs to PI)-
L1, supporting the feasibility of the computa. -na:
design strategy. The structural characteristics ot ervid
for PDLVHHI suggest it may be a candidate fo- further
biophysical and functional characterization. Mo.over,
identifying a second, distinct binder /n  PDI-VHH2
provides a valuable component for corsu cting advanced
biparatopic or bispecific formats. Col) “tively our work not
only delivers promising nanobodyv-22na. Jates for targeting
the PD-1/PD-L1 immune cieckjoint . ut also underscores
the efficacy of structure-guided co. »itational methods as a
powerful pipeline for acc =lerating the development of next-
generation biologics. Alti ~ugh the CDR grafting approach
used in this study successtuuy transferred antigen-binding
specificity to a stable VHH scaffold, this strategy has
inherent limitations. Grafted CDRs may not adopt their
native conformations in a different framework, potentially
affecting binding affinity and specificity. Moreover, the
absence of the VL domain in VHH scaffolds and their
distinct framework architecture may impose structural
constraints that computational modeling does not fully
capture. Therefore, while our results confirm the feasibility
of this approach for generating anti-PD-L1 nanobodies,
experimental validation through SPR and cell-based assays
will be essential to assess preserved binding characteristics
and therapeutic potential fully.
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