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of Chemistry Blocking the PD-1/PD-L1 immune checkpoint has emerged as a promising strategy in cancer
immunotherapy, in which monoclonal antibodies are predominately used as inhibitors. Despite their
remarkable success, monoclonal antibody-based therapeutics suffer from drawbacks due to the use of
antibodies, such as high cost, low stability and high frequency of immune-related adverse effects.
Therefore, novel anti-PD-1/PD-L1 therapeutics that can address these issues are of significant
importance. Herein, we report a molecularly imprinted polymer (MIP) based PD-1 nano inhibitor for
blocking the PD-1/PD-L1 axis. The anti-PD-1 nanoMIP was rationally designed and engineered by
epitope imprinting using the N-terminal epitope of PD-1 as the binding site. The anti-PD-1 nanoMIP
showed good specificity and high affinity towards PD-1, yielding a disassociation constant at the 1078 M

. 4 18th J 202 level, much better than that between PD-1 and PD-L1. Via steric hindrance, this inhibitor could
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Accepted 30th August 2022 effectively block PD-1/PD-L1 interaction. Besides, it could effectively reactivate T cells and reverse the
chemoresistance of tumor cells. Therefore, this present study not only provides a novel and promising
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Introduction

Cancer immunotherapy, which boosts the immunity to kill
malignant cells, has emerged as an established pillar of cancer
treatment.” T lymphocytes play a vital role in the immune
system and mediate the immune response to kill the malignant
cells.> Immune checkpoints are crucial signalling pathways that
mediate the escape of tumour cells from immune-associated
attack.®> The programmed cell death receptor 1 (PD-1) overex-
pressed on the surface of T lymphocytes can inhibit the func-
tion of T cells by binding the programmed cell death ligand 1
(PD-L1) overexpressed on the cancer cells. The interaction of
PD-1 to PD-L1 facilitates cancer progression, therapy resistance
and the inhibition of the functions of T cells, including cytolytic
activity, proliferation, and cytokine release.* Moreover, the
interaction of PD-1 to PD-L1 contributes to the acquisition of
resistance to conventional chemotherapeutic agents.®> There-
fore, blocking the PD-1/PD-L1 immune checkpoint has been
deemed as a promising strategy to overcome the immune
escape, reactivate the anti-tumour immune response and
reverse the chemoresistance of tumour cells.
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Antibody-based therapeutics targeting PD-1 or PD-L1 have
been the mainstream in PD-1/PD-L1 pathway blockade.® Anti-
PD-1/PD-L1 monoclonal antibodies, such as nivolumab, atezo-
lizumab and pembrolizumab, have been approved by the Food
and Drug Adminstration (FDA) for the use in a broad range of
cancers, including melanoma, non-small cell lung cancer,
kidney cancer and bladder cancer.” Despite the remarkable
therapeutic success of antibody-based therapeutics, consider-
able drawbacks such as poor bioavailability, immune-related
adverse events and the high cost of large-scale production
also limit the wide use of antibodies.® Furthermore, treatment
with nivolumab has been reported to be associated with
increased lipase and increased alanine aminotransferase,’
while other anti-PD-1/PD-L1 antibodies may potentially induce
pneumonitis, hepatitis and neurotoxic effects. Besides, off
target effect of antibodies has been reported to cause a range of
side effects, such as rash, diarrhea, hypertension, etc,"* which
are thought to be caused by the engagement of the receptor by
the therapeutic antibodies in normal tissues.*” Therefore, novel
anti-PD-1/PD-L1 strategies that can address these issues with
enhanced efficiency are much needed.

Nanotechnology has emerged as a powerful weapon to arm
conventional immunotherapies with numerous advantages
including passive targeting to tumor, efficient cargo loading
and controlled release.™ The applications of nanotechnology in
anti-PD-1 therapy potentiate the effectiveness of checkpoint
inhibitors and minimize their side effects, where nanomaterials
serve as a carrier for the combined use of anti-PD-1/PD-L1
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synergistic theraptic.* However, these strategies rely on the
existing molecular drugs and fail to get rid of the dependence to
monoclonal antibodies.

Molecularly imprinted polymers (MIPs), which are chemi-
cally synthesized mimics of antibodies or artifical antibodies,
harbour tailor-made binding sites complementary to the target
molecules in shape, size and functional groups.*® MIPs provide
unique strengths to address the limitations of antibodies,
including ease in preparation, low cost and high stability, and
so on. In recent years, MIPs have found wide applications in
many areas, such as disease diagnosis,'® cell imaging,"”
signaling pathway blocking, enzyme inhibiting® and targeted
drug delivery.” However, to the best of our knowledge, applying
MIPs in immunetherapy has not been reported yet so far.

Herein, we report molecularly imprinted nanoparticles
(nanoMIP) for blocking the PD-1/PD-L1 interaction. The prin-
ciple of PD-1 targeting and PD-1/PD-L1 blocking by nanoMIP
specific to PD-1 protein (anti-PD-1 nanoMIP) is illustrated in
Scheme 1. Similar to the PD-1-binding therapeutic monoclonal
antibody nivolumab,”® the N-terminal epitope of PD-1 was
designed as the binding site in this study. Though the N-
terminal loop of PD-1 is not involved in binding with PD-L1,
nivolumab can effectively block the PD-1/PD-L1 interaction by
binding the N-terminal loop of PD-1. Through binding the N-
terminal loop of PD-1, anti-PD-1 nanoMIP was thought to be
able to block the interaction of PD-1/PD-L1 via steric hindrance
and thereby be able to block the signaling pathway of PD-1/PD-
L1. The engineered anti-PD-1 nanoMIP showed good specificity
and high affinity towards PD-1, yielding a disassociation
constant (Ky) at the 10~° M level. The experiments at the cellular
level indicated that the anti-PD-1 nanoMIP recovered the T cell
function and reversed the chemoresistance to doxorubicin of
the tumor cells. Such an MIP-based strategy can be extended to
other immunotherapy-related signaling pathways potentially.
As the first exploration on the potential of MIPs for immuno-
therapy, this study not only provides a new therapeutic for
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Scheme 1l Schematic illustration of anti-PD-1 nanoMIP as a PD-1/PD-
L1 antagonist. Anti-PD-1 nanoMIP blocks the interaction of PD-1 and
PD-L1 by binding the PD-1 N-terminal epitope and steric hindrance,
and the blockade actives the function of T cell and reverses the che-
moresistance of tumor cells.
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blocking PD-1/PD-L1 axis, but also opens a new avenue to the
rational development of artificial antibodies for cancer
immunotherapy.

Results and discussion
Synthesis of the anti-PD-1 nanoMIP

The extracellular domain of PD-1 comprises an N-terminal
domain and immunoglobulin variable (IgV) domain. The N-
terminal loop is a flexible structure without glycosylation.>
Though not involved in the interaction with PD-L1, the atomic
interaction details at the binding interface of PD-1-nivolumab
Fab complex (Fig. S1f) show that the N-terminal loop of PD-1
contributes the majority of hydrogen bonds (7 out of 13)
within the nivolumab and PD-1 interface. The amino acids of N-
terminal loop (S27, P28, D29 and R30) form seven hydrogen
bonds with heavy chain and light chain of nivolumab, so the N-
terminal epitope provides an ideal recognizing site for MIPs.
Besides, the peptide sequence with more than 9 amino acids is
specific enough to represent a unique code of unstructured
domains for the identification of a specific protein.”* Based on
this, the N-terminal loop of PD-1 was chosen as the recognizing
epitope for the designing of anti-PD-1 nanoMIP. The principle
and procedure of the imprinting approach are schematically
illustrated in Scheme S1.f By using the newly established
method called reverse microemulsion-confined epitope-
oriented surface imprinting and cladding (ROSIC)** with
modification, we prepared anti-PD-1 nanoMIP. The peptide
with 10 amino acids as same as the N-terminal loop of PD-1 was
synthesized as the template molecule, which was further
modified with a hydrophobic C13 fatty chain for facile template
anchoring. For the modification of C13 fatty chain, an extra
lysine (K) was added on the C-terminal of peptide sequence
(Fig. S2t). Reverse microemulsion formed with surfactant and
oil phase was constructed as a nanoscale reactor. Due to the
presence of a C13 fatty chain on the template, the peptide was
anchored at the aqueous/oil interface, with the templating
peptide sequence protruding in the confined aqueous phase.
Then, four silylating reagents were chosen as the functional
monomers according the amino acid composition of the
epitope, including 3-aminopropyl-triethoxysilane (APTES), 3-
ureidopropyltri-ethoxysilane (UPTES), isobutyltriethoxysilane
(IBTES), benzyltri-ethoxysilane (BnTES). Besides, tetraethyl
orthosilicate (TEOS) was used as the cross-linker. Silylating
reagents dissolved in the oil phase (cyclohexane in this study)
diffused into the aqueous phase. Via the polymerization of
functional monomers, a polymeric network formed around the
peptide template. After polymerization, the synthesized nano-
particles were released from microemulsion. After extracting
out the template with an appropriate eluent, anti-PD-1 nanoMIP
with well-formed cavities complementary to PD-1 epitope in
aspects of shape, size and functionalities was obtained. For
comparison, corresponding non-imprinted polymer nano-
particles (nanoNIP) were prepared with the same procedure
except that no template was used during the preparation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Optimization of monomer composition

Since the monomer composition determines the performance
of prepared polymers to a great extent, the ratio of functional
monomers was optimized in terms of imprinting factor (IF),
which is determined by the ratio of the amount of PD-1 epitope
captured by anti-PD-1 nanoMIP over that by nanoNIP. Accord-
ing to our previous study,* functional monomers, which could
provide non-covalent interaction with template peptide were
elaboratedly arranged in terms of peptide sequence. As shown
in Fig. 1A, the ratio of (TEOS)/(APTES)/(UPTES)/(IBTES)/(BnTES)
at 70:12:3 : 9: 6 gave the best IF value (7.9). The monomer
ratio yielding the highest IF value was chosen for further char-
acterization. From transmission electron microscopic (TEM)
images shown in Fig. 1B and S3,f the diameter of nanoMIP was
found to be about 40 nm. Additionally, dynamic light scattering
(DLS) analysis showed that the hydrodynamic size of anti-PD-1
nanoMIP and nanoNIP was about 63 nm (Fig. S4t). The larger
size obtained by DLS may be attributed to the hydration of
nanoparticles in aqueous solution. Moreover, the polymer dis-
persity index (PDI) values of anti-PD-1 nanoMIP and nanoNIP
were 0.100 and 0.138 respectively, showing the prepared nano-
particles were homogeneous systems. Scanning TEM (STEM)
mapping demonstrated that the anti-PD-1 nanoMIP contained
the element Si, O, and N (Fig. 1C). Moreover, the X-ray photo-
electron spectroscopy (XPS) spectrum also confirmed the pres-
ence of the element Si, O, C, and N (Fig. 1D) and the related
surface atomic concentrations are summarized in Table S1.f
The binding energy of N1s peak at 402 eV (Fig. S5Bt) and O1s
peak at 532 eV (Fig. S5Ct) were respectively assigned to the
amino group and silicon-oxygen bond, indicating the success-
ful preparation of anti-PD-1 nanoMIP by polymerization of by
functional monomers.
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Fig. 1 Characterization of anti-PD-1 nanoMIP. (A) The amount of the
PD-1 epitope captured by anti-PD-1 nanoMIP and nanoNIP prepared
with different ratios of the monomers; (B) TEM images for the
imprinted nanoparticle with the optimal monomer ratio; (C) STEM
Mapping for the imprinted nanoparticle with the optimal monomer
ratio (Si: left upper; O: right upper; N: left down; Merge: right down);
(D) XPS spectrum for the imprinted nanoparticles with the optimal
monomer ratio. Error bars represent three parallel experiments.
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Performance and specificity test of anti-PD-1 nanoMIP

The PD-1 epitope peptide and recombinant PD-1 protein were
employed as the targets to study the selectivity and affinity of
anti-PD-1 nanoMIP at the peptide and protein levels, respec-
tively. As shown in Fig. 2A and B, compared with interfering
peptides and proteins, anti-PD-1 nanoMIP exhibited well
acceptable specificity at both peptide and protein levels,
yielding cross-reactivity = 14.2% towards the interfering
peptides and = 19.7% towards the interfering proteins. The
binding isotherm of the anti-PD-1 nanoMIP towards the PD-1
epitope peptide was then evaluated. For facile detection, PD-1
epitope peptide was labelled with the fluorescent dye fluores-
cein isothiocyanate isomer (FITC) (Fig. S2Ct). A calibration
curve of FITC-labelled PD-1 epitope peptide was firstly estab-
lished (Fig. S6t). Based on the calibration curve, the adsorption
isotherm and the saturated adsorption capacity of anti-PD-1
nanoMIP and nanoNIP to PD-1 epitope peptide (Fig. S7Af)
were then determined. Compared with nanoNIP, anti-PD-1
nanoMIP exhibited much higher adsorption capacity toward
the PD-1 epitope peptide (458 ng mg ™). Hill plot analysis gave
a Ky value of 2.58 x 10~® M (Fig. 2C). Additionally, the K4 of
nanoNIP to PD-1 epitope peptide was about 6.98 x 1077 M
(Fig. S7Bt), showing the affinity of anti-PD-1 nanoMIP to PD-1
epitope peptide is 27 times higher than that of nanoNIP. To
further investigate the binding capability of anti-PD-1 nanoMIP
to the PD-1 protein, we measured the binding affinity and
kinetics of the anti-PD-1 nanoMIP to recombinant PD-1 protein
by biolayer interferometry (BLI). Anti-PD-1 nanoMIP was firstly
modified onto an aminopropylsilane (APS) probe, and then
interacted with PD-1 protein in phosphate buffer (10 mM, pH
7.4) of different concentrations until getting saturation, fol-
lowed by dissociation process in the same buffer solution. The
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Fig. 2 Specificity test of anti-PD-1 nanoMIP. The amounts of different
peptides (A) and different proteins (B) captured by anti-PD-1 nanoMIP
and nanoNIP; (C) binding isotherms of anti-PD-1 nanoMIP to PD-1
epitope peptide (Hill fitting: log[d/(1-6)] = logK4 — nloglfree concen-
tration]); (D) The BLI binding curves of anti-PD-1 nanoMIP towards
recombinant PD-1 protein. Error bars represent three parallel
experiments.
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binding responses are presented in Fig. 2D, showing a Ky value
of 7.27 x 10~® M. The Ky value on the peptide level and the
protein level are in the same order of magnitude, which are both
much lower than the Ky value between PD-1 and PD-L1 (8.2
uM).** Such strong affinity endowed the anti-PD-1 nanoMIP the
potential to block the PD-1/PD-L1 interaction.

Using anti-PD-1 nanoMIP as the PD-1/PD-L1 inhibitor

Next, we investigated the feasibility of using anti-PD-1 nanoMIP
as the PD-1/PD-L1 inhibitor. Enzyme linked immunosorbent
assay (ELISA) was used to investigate the blocking efficiency at
the protein level. As illustrated in Fig. 3A, the ELISA wells were
first coated with PD-1 protein, and anti-PD-1 nanoMIP particles
were then added into the wells to bind PD-1 protein via recog-
nizing its N-terminal loop. After washing, the amount of
unbound PD-1 protein in each well was determined using
biotin-conjugated PD-L1, followed by streptavidin-horseradish
peroxidase (HRP) labelling. In control group, the signal of
HRP colour reaction could be detected. In nanoNIP group,
because the interaction of PD-1 to PD-L1 could not be blocked
by nanoNIP, so the signal of HRP binding onto the 96-well plate
could also be detected. In anti-PD-1 nanoMIP group, nanoMIP
could bind PD-1 and block the binding between PD-1 to PD-L1,
so the signal of HRP colour reaction decreased to a great extent.
As shown in Fig. 3B, anti-PD-1 nanoMIP group showed a lower
signal than that of the control group, exhibiting binding rate by
50.3%, 38.8%, 37.5%, after incubation with 6.25, 12.5 and 25 pg
mL ™" anti-PD-1 nanoMIP, respectively. While there was no
significant difference between nanoNIP group and control
group. This competition experiment demonstrates that anti-PD-
1 nanoMIP blocked the interaction between PD-1 and PD-L1,
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Fig. 3 Anti-PD-1 nanoMIP blocked PD-1/PD-L1 interaction in protein
and cellular level. (A) Schematic illustration of ELISA analysis of anti-
PD-1 nanoMIP blocking the interaction of PD-1 and PD-L1; (B) ELISA
result of blocking the PD-1 interaction with PD-L1; (C) Schematic
illustration of flow cytometry analysis of anti-PD-1 nanoMIP blocking
the PD-1/PD-L1 interaction on cell surface; (D) Flow cytometry of 786-
O cells stained with PE-labelled PD-L1 with different pretreatments.
Error bars represent three parallel experiments.
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which can be attributed to the specific binding of anti-PD-1
nanoMIP to PD-1 protein.

The blocking efficacy of anti-PD-1 nanoMIP was further
investigated at the cell level. 786-O cells were used as the model
PD-L1-overexpressed tumour cell. 786-O cells were pre-treated
with interferon-y (IFN-y) to simulate the expression of PD-L1.
As shown in Fig. S8, more PD-L1 molecules expressed on the
786-0 cells were detected on the cells pre-treated with IFN-y. To
investigate whether anti-PD-1 nanoMIP could block the inter-
action of PD-1/PD-L1 on the cell surface, a flow cytometry assay
was designed. As illustrated in Fig. 3C, P-phycoerythrin (PE)-
labelled PD-1 protein was pre-mixed with anti-PD-1 nanoMIP
before adding to 786-O cells. The amount of PE-labelled PD-1
binding on the 786-O cells was determined by flow cytometry
assay. The results show that the PD-1/PD-L1 interaction led to
a higher fluorescence signal for blank group (Fig. 3D& S9).
When PE-labelled PD-1 was pre-incubated with anti-PD-1
nanoMIP before adding to 786-O cells, a much lower fluores-
cence intensity was detected, indicating that anti-PD-1 nanoMIP
could bind PD-1 protein and prevent PD-1 from binding with
PD-L1. As comparison, the group incubated with PE-labelled
PD-1 pretreated with nanoNIP showed slight difference with
the control group (no added anti-PD-1 nanoMIP and nanoNIP).
This experiment demonstrated anti-PD-1 nanoMIP could
effectively block the interaction of PD-1/PD-L1 at the cell level.

In vitro test of PD-1/PD-L1 inhibitory effect

Furthermore, the in vitro PD-1/PD-L1 inhibitory effect by anti-
PD-1 nanoMIP was investigated via a co-cultured model of T
cells and cancer cells. The principle is illustrated in Fig. 4A.
Jurkat T cells secret interleukin-2 (IL-2) after dealing with
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Fig. 4 Anti-PD-1 nanoMIP recovered the function of T cells and
reversed the chemoresistance of tumour cells. (A) Illustration of anti-
PD-1 nanoMIP increasing interlukin-2 (IL-2) secretion by Jurkat T cells;
(B) IL-2 secretion from Jurkat T cells with different treatments; (C)
Illustration of anti-PD-1 nanoMIP reversing the chemoresistance; (D)
Cancer cell viability after DOX treatment synergized with 5 pg mL™?
monoclonal antibody, 200 pg mL~* anti-PD-1 nanoMIP and nanoNIP.
(*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent three parallel
experiments.
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phorbol-12-myristate-13-acetate (PMA)/phytohemagglutinin
(PHA).”* When 786-O cells were co-cultured with Jurkat T
cells, IL-2 secretion of Jurkat T cells decreased. The amount of
IL-2 secreted by Jurkat T cells after co-cultured with 786-O cells
was measured to assess the activation status of T cells. We also
test the cytotoxicity of anti-PD-1 nanoMIP and nanoNIP to
Jurkat T cells and 786-O cells evaluated by the 3-(4,5-
dimethylthiazol-2-yl-)-2,5-diphenyltera-zolium bromide (MTT)
assay. As shown in Fig. S10,f no obvious cytotoxicity was
observed when the concentration of anti-PD-1 nanoMIP and
nanoNIP was lower than 400 pg mL ™", Activated by PMA/PHA,
Jurkat T cells treated with anti-PD-1 nanoMIP, nanoNIP or
nivolumab were co-cultured with 786-O cells for 24 h. The IL-2
in supernatants of co-incubated cells was measured by the
ELISA kit. As shown in Fig. 4B, compared with control group,
anti-PD-1 nanoMIP could substantially increase the secretion of
IL-2 which was 1.2 times higher than that of control groups,
showing a considerate efficacy as nivolumab which is
a commercial antibody. As comparison, nanoNIP hardly
affected the IL-2 secretion.

Anti-PD-1 nanoMIP reverses the chemoresistance

To further validate the inhibitory effect of anti-PD-1 nanoMIP,
the chemoresistance reversal of cancer cells was investigated.
The chemosensitivity has been proven to be improved by anti-
PD-1/PD-L1 in many clinical and basic researches.” The co-
cultured 786-O and Jurkat T cells model was employed to
investigate the synergistic cytotoxic effect of doxorubicin (DOX)
and anti-PD-1 nanoMIP (Fig. 4C). 786-O cells treated with
different PD-1 antagonists were co-cultured with the Jurkat T
cells, followed by incubation with DOX (5, 20 uM) to induce the
cell death. As shown in Fig. 4D, blocking the signal of PD-1/PD-
L1 with anti-PD-1 nanoMIP significantly increased the chemo-
sensitivity of 786-O to DOX. The cell viability treated with anti-
PD-1 nanoMIP decreased by ca. 36.5% and 44.7% with
different concentration of DOX (5, 20 pM), as compared to the
group treated with DOX and Jurkat T cells only (p < 0.01).
Considering that only ca. 17.0% of cytotoxicity was observed
when the concentration of free DOX was up to 80 uM (Fig. S11+),
this synergistic effect is intriguing. Of note, anti-PD-1 nanoMIP
was more effective than nivolumab with 19.7% and 24.2% cell
viability reduction at 5 uM and 20 uM DOX. As compared,
nanoNIP showed almost no effect on the reversal of chemo-
resistance. This result provides another layer of evidence that
anti-PD-1 nanoMIP can effectively block the PD-1/PD-L1
immune checkpoint.

Conclusions

In summary, based on the molecular imprinting methodology,
we rationally designed and engineered an artificial PD-1/PD-L1
inhibitor. By recognizing the N-terminal loop of PD-1, anti-PD-1
nanoMIP could specifically bind PD-1 with higher affinity than
that of PD-1 to PD-L1. Distinct from competing for the binding
of PD-1 ligands, anti-PD-1 nanoMIP blocked the interaction of
PD-1/PD-L1 by binding the N-terminal non-competing epitope

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

via its nanoscale steric effect. The anti-PD-1 nanoMIP was
experimentally demonstrated to be able to effectively reactivate
T cells and reverse the chemoresistance of tumour cells by
blocking PD-1/PD-L1 pathway, exhibiting better efficacy to
commercial antibody. Due to the facile preparation routine,
anti-PD-1 nanoMIP hold great potential to couple with various
therapeutics for cancer immunotherapy. Thus, the present
study not only provides a new therapeutic for blocking PD-1/PD-
L1 axis, but also opens a new avenue to the rational develop-
ment of artificial antibodies towards cancer immunotherapy.
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