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ABSTRACT: We present a simple methodology to design a pretargeted drug
delivery system, based on clickable anti-programmed death ligand 1 (anti-PD-L1)
antibodies (Abs) and clickable bovine serum albumin (BSA) nanoparticles (NPs).
Pretargeted drug delivery is based on the decoupling of a targeting moiety and a drug-
delivering vector which can then react in vivo after separate injections. This may be
key to achieve active targeting of drug-delivering NPs toward cancerous tissue. In
pretargeted approaches, drug-delivering NPs were observed to accumulate in a higher )
amount in the targeted tissue due to shielding-related enhanced blood circulation and ~_ant-PP-L14b '&%

Albumin NPs

size-related enhanced tissue penetration. In this work, BSA NPs were produced using | * i _ i
the solvent precipitation methodology that renders colloidally stable NPs, which were £ S f #
subsequently functionalized with a clickable moiety based on chlorosydnone (CI- [ . e 5%)
Syd). Those reactive groups are able to specifically react with dibenzocyclooctyne Nﬁw‘\‘vi"ﬂ\ﬂ"wI&'W‘I’M/‘/’W m
(DBCO) groups in a click-type fashion, reaching second-order reaction rate constants S ‘
as high as 1.9 M "s™', which makes this reaction highly suitable for in vivo
applications. The presence of reactive CI-Syd was demonstrated by reacting the functionalized NPs with a DBCO-modified sulfo-
cyanine-5 dye. With this reaction, it was possible to infer the number of reactive moieties per NPs. Finally, and with the aim of
demonstrating the suitability of this system to be used in pretargeted strategies, functionalized fluorescent NPs were used to label
H358 cells with a clickable anti-PD-L1 Ab, applying the reaction between CI-Syd and DBCO as corresponding clickable groups. The
results of these experiments demonstrate the bio-orthogonality of the system to perform the reaction in vitro, in a period as short as
1S min.
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B INTRODUCTION targeting (receptor-mediated targeting) of tumors using NP-
based formulations is currently not approved by the FDA. A

The development of innovative approaches for targeted - ‘ - .
possibility to overcome this current lack of clinical translation

therapy (drug delivery) of selective areas is of utter importance

in current biomedical and clinical research, especially for could be the combination of cancer-specific antibodies (Abs),
oncology. The cytotoxicity of most drugs applied in chemo- especially those already established in clinics, such as anti-
therapy limits the amount of the drug which can be human epidermal growth factor receptor 2 or anti-pro-
administrated, potentially resulting in an ineffective concen- grammed death ligand 1 (anti-PD-L1) Abs, with NP-based
tration in the diseased tumor tissue. Furthermore, they cause drug-delivering vectors. Direct conjugation of the Abs to the
severe adverse effects, affecting patients’ quality of life during NPs showed to be not an optimal option, resulting in many
chemotherapy."”” These two aspects make a targeted cases in a similar or in an even lower tumor accumulation
application of such drugs highly desirable. Despite the efforts compared to a passive accumulation of the non-functionalized

in recent years and numerous publications in this area, only
very few approaches succeed the translation into clinics.
Especially, targeted therapies based on nanoparticles (NPs) are
still falling well short of their expectations with only a very
small number of FDA-approved treatments in oncology.” Most
established NP-based drug formulations are Doxil (liposomal
doxorubicin)* and Abraxane (albumin NP bound paclitaxel).®
Despite a significant reduction of side effects, both these types
of formulations solely make use of a less effective passive
(EPR-based) accumulation in the tumoral tissue. An active

NPs in comparison to their Ab-functionalized counterparts.”’
A possible explanation is the drastic increase in the
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hydrodynamic diameter of the NP size once they are
functionalized with Abs or even with Fab and F(ab),
fragments, which then affects their distribution or EPR-based
tumor uptake. The second explanation is the enhanced
recognition of Ab-functionalized NPs by the reticuloendothe-
lial system (RES). In fact, some reports suggest that properly
shielded NPs can feature longer circulation times compared to
Ab-functionalized NPs.*”

A possible solution that is showing promising results in
primary in vitro and in vivo tests is the so-called pretargeted
drug delivery. In pretargeted approaches, an active targeting
molecule, such as an Ab or a peptide, is previously injected into
an organism, resulting in an abundant accumulation at the
targeted site. After its accumulation, a drug-delivering system,
which is known to be well shielded from the RES and thus has
a long circulation time, is subsequently injected.*” Both parts,
the targeting molecule and the drug-delivering system, expose
reactive functional groups, which can undergo a covalent
conjugation within the living organism. A pretargeted drug
delivery approach is schematically shown in Scheme 1. The

Scheme 1. Overview of the Pretargeted Drug-Delivering

Approach toward PD-L1 Overexpressing NSCLC Tumor
Tissue, Applying Two Subsequent Injections of Clickable
anti-PD-L1 Antibodies and Clickable BSA NPs

" PD-L1overexpressing |
NSCLC tumor tissue

!

18t Injection:

Immunotherapy with
clickable anti-PD-L1

2n |njection:

Combination chemotherapy
with clickable
drug delivering BSA NPs

Potentially better treatment
outcome due to enhanced
tumor accumulation

applied reactions must be highly bio-orthogonal and fast
proceeding and high yielding, even at low concentrations and
in presence of complex biological media. In this vein, different
types of click reactions have been developed, which are suitable
for in vitro and even in vivo applications.'”'" Researchers in
the group of Bertozzi were pioneers in this field, applying for
the first time the reaction between azide and dibenzocyclooc-
tyne (DBCO) in a living cell, thereby facilitating its later
implementation inside a living organism.'” Reaction kinetics
were, however, not optimal for in vivo application, reaching
second-order reaction rate constants of 107> to 107> M™! 57!,
depending on the used DBCO derivative.'”'>'* Most
prominent click reaction for in vivo applications is the inverse
electron demanding Diels—Alder reaction between trans-
cyclooctene (TCO) with tetrazines, reaching more suitable

822

second-order reaction rate constants of 10> to 10* M~ s7L

The first clinical phase I study of click to release TCO-based
prodrugs was approved by the FDA in 2019, releasing
chemotherapeutic drugs at the tumor site upon reaction with
different tetrazine derivatives.'"'> Despite the broad applica-
tion of TCO and tetrazines, a major disadvantage is the
instability of TCO, which can undergo isomerization to the
more stable but almost unreactive cis-cyclooctene (CCO)
isomer, for example, under UV irradiation.'® Most suitable
alternative, reaching reaction rates in a similar order (10" to
10> M™' s7') but providing better stability, is the strain-
promoted sydnone—alkyne cycloaddition (SPSAC) between
chlorosydnone (Cl-Syd) derivatives and DBCO, developed by
the groups of Specklin and Taran."”’

Here, we now present a proof-of-concept study of a potential
Cl-Syd—DBCO-based pretargeted drug delivery system,
combining well-studied biocompatible elements, similar to
those applied in FDA-approved formulations in oncology
therapy, thereby paving the way to an active drug delivery
formulation based on NPs.

As active targeting moiety, anti-PD-L1 (B7-H1) Abs will be
applied and functionalized with clickable DBCO moieties.
Anti-PD-L1 Abs are widely applied in immunotherapy as
checkpoint inhibitors, especially in non-small cell lung cancer
(NSCLC) but also as treatment in other types of cancer, as
proven by the three FDA-approved PD-L1 inhibiting Abs
currently available in the market."®™*° The therapy is based on
the inhibition of the PD-L1 receptor, upregulated in the
microenvironment of multiple types of cancers. PD-L1
overexpression results in the deactivation of tumor-infiltrating
lymphocytes (TILs) which, in turn, do not recognize the
diseased cells and do not eliminate them. After PD-L1
inhibition, cytotoxic T cells are reactivated and are able to
attack and eliminate cancer cells. Even though immunotherapy
is highly effective in some patients, their overall response rate
(ORR) is generally low. The ORR of PD-L1 monotherapy, for
example, merely lies between 14 and 24%.”' Due to these
unsatisfying numbers, currently, PD-L1 therapy is often
combined with conventional platin-based or paclitaxel chemo-
therapy.”> We believe that the simple modification of the anti-
PD-L1 Abs and albumin-based NPs, which are also used in
combination therapy (anti-PD-L1 combined with Abraxane
used in advanced NSCLC?'), will be a straightforward
procedure to potentially increase treatment outcomes due to
a higher accumulation of drug-loaded NPs at the tumor site
(see Scheme 1).

B RESULTS AND DISCUSSION

Synthesis and Reaction Rate Constant Determination
of the Clickable ClI-Syd Derivative. Other than the DBCO
derivatives, which are widely used, the Cl-Syd compounds
required for the stated approach are not commercially available
and were thus synthesized. An adapted protocol from
Kolodych and Taran was used for the synthesis of the p-
carboxyphenyl-chlorosydnone derivative.”> A schematic over-
view of the synthesis and the structure of the final CI-Syd are
shown in Scheme 2a. Based on this protocol, the final Cl-Syd
derivative was synthesized with an overall yield of 1.6% (four-
step synthesis with low yielding last step, see Scheme 2a) and a
purity above 88% (determined by HPLC, impurities not
reactive in next amine coupling steps). Details of the synthesis
and information about the characterization of the intermedi-
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Scheme 2. (a) Reaction Overview of p-Carboxyphenyl-Chlorosydnone According to the Published procedure”

34, (b) Reaction

Overview of the SPSAC Click Reaction between a Cl-Syd Derivative and a DBCO Derivative; (c¢) "H NMR (500 MHz, D,0/
DMSO-d,) Data of the Chemical Shift Region from 8.25 until 7.65 ppm, Showing the Variation in Chemical Shift of the
Signals of the Cl-Syd Neighbored Phenyl Moiety during the Course of the Reaction, without the Presence of the DBCO
Derivative (0 s) as well as for Six Further Time Points between 60 and 1200 s of Reaction Time; and (d) Consumption of the
Cl-Syd Derivative Over the Reaction Time with the DBCO Derivative in Excess
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“Conditions for each reaction step of the synthesis of p-carboxyphenyl-chlorosydnone (i) aminobenzoic acid and sodium chloroacetate dissolved in
H,O were refluxed overnight; (ii) addition of sodium nitrite to p-carboxyphenyl N-substituted a-amino acid in HCI (10%) at 0 °C and subsequent

stirring overnight under N,; (iii) Baker—Ollis syndone synthesis™*

of the N-nitroso derivative of p-carboxyphenyl N-substituted a-amino acid. The

N-nitroso derivative was stirred in acetic acid anhydride at 100 °C for 3 h; and (iv) to a solution of p-carboxyphenyl-sydnone in dioxane/HCl (1
M) 2/1, sodium hypochlorite (10%) was added dropwise, and the reaction stirred for 4 h. Yields are given for each reaction step.

ates and the final compound are stated in the Supporting
Information.

To verify the published second-order reaction rate constants
of the here used Cl-Syd, we performed a kinetic study using a
Cl-Syd and a DBCO derivative as model compounds. We
deliberately did not make use of the p-carboxyphenyl-
chlorosydnone during this kinetic study but rather used a Cl-
Syd model compound with a higher molecular weight that
contains an amide linkage in contrast to the free carboxylic acid
group on the phenyl moiety. Thereby, factors such as size-
related diffusion or steric hindrance and the influence of the
free acid on the reaction rate are taken into consideration in
the kinetic study, giving a more relevant value for the later
application of this click reaction. After the attempt to monitor
the reaction via the formation of a fluorescent product (A
315 and A,,,: 385 nm), as published by the group of Taran and
Specklin,17 a monitorization using nuclear magnetic resonance
(NMR) spectroscopy was chosen since the DBCO starting
material already shows a strong fluorescence at the same
wavelength as the formed SPSAC click product that hampers
the possibility to follow the reaction kinetics, as mentioned by
Taran and Specklin.'” Therefore, the rate constant values given
by those authors which are in the order of 10> M™" s~ should
be treated with caution.

Although no proton is directly involved in the click reaction,
the course of the click reaction was able to be monitored via
'"H NMR due to the variation in the chemical shift of the
signals from the CI-Syd neighbored phenyl moiety during the
course of the reaction (8.15 and 7.95 ppm for Cl-Syd to 8.05
and 7.85 ppm in the click product in D,0/DMSO-d,, see
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Scheme 2c). The consumption of Cl-Syd, as shown in Scheme
2d, was determined using the integrals of the disappearing
signals for the phenyl moiety, which was subsequently applied
in the calculation of the second-order reaction rate constant.
The calculated rate constant for the here used system of 1.9
M~ 57! was similar to the previously calculated constant for p-
carboxyphenyl-chlorosydnone from HPLC data (1.6 M~
s71).>’ Having obtained the same rate constants as published
for p-carboxyphenyl-chlorosydnone applying HPLC analysis, it
can be stated that the application of an amide-coupled Cl-Syd
with higher molecular weight does not negatively affect the
reaction kinetics. Although the reaction kinetics do not reach
rate constants of TCO-tetrazine-based bio-orthogonal reac-
tions, the superior chemical stability of the Cl-Syd groups in
comparison with the TCO-ones, it is an interesting feature that
simplifies the storage of the reactive molecules and increases
the result reliability. The determined reaction rate constant is
with a value of 1.9 M™' s' 2 orders of magnitude larger
compared to those of common SPAAC reactions using azides,
which have been previously applied in vivo.'>'* Therefore, the
successful application of this reaction for in vivo applications
can be assumed with high confidence.

Synthesis and Characterization of Clickable BSA NPs.
The bovine serum albumin (BSA) nanoparticles, on which the
clickable Cl-Syd groups were aimed to be immobilized
eventually, were generated by the desolvation method, using
an established protocol from the working group of Rubio-
Retama (for details, see the experimental section).”> The
formed BSA NPs (Figure 1) were stirred overnight. After
multiple purification steps by centrifugation, NPs with a

https://doi.org/10.1021/acs.bioconjchem.2c00087
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Figure 1. (a) Preparation overview of FITC-functionalized CS-BSA
NPs with (I) being the generation of the BSA NPs by the desolvation
method, (II) the functionalization of the BSA NPs with FITC, and
(III) the final functionalization with the NHS ester of the here used
Cl-Syd derivative; (b) SEM image of the non-functionalized BSA
NPs; (c) DLS results of the non-functionalized BSA NPs (yellow)
and BSA NPs functionalized with FITC (orange) and BSA NPs
functionalized with FITC and Cl-Syd (red); and (d) {-potential of the
non-functionalized BSA NPs (yellow) and BSA NPs functionalized
with FITC (orange) and BSA NPs functionalized with FITC and Cl-
Syd (red).

hydrodynamic diameter of 140 nm were isolated. {-potential
analysis revealed a highly negative surface charge of —35 mV,
which is in accordance with stated {-potentials for this type of
NPs prepared at pH 8.5.>° The BSA NPs were held in
carbonate buffer with a pH 8.5 at 4 °C until further usage.
After 1 month of storage at 4 °C, the NPs neither showed a
change in their hydrodynamic diameter nor (-potential,
thereby demonstrating their high stability. Besides confirming
the size of the NPs, the high monodispersity of the NPs was
proven by scanning electron microscopy (SEM) analysis.
Results from DLS and SEM analyses of the synthesized BSA
NPs are shown in Figure 1b,c.

The stable BSA NPs were subsequently functionalized with
the previously synthesized Cl-Syd groups. The choice to
synthesize the carboxy-benzene derivative was based on two
reasons: first due to the high reactivity derived from the
sydnone when bound to a phenyl group™® and second because
the presence of the carboxylic acid group can be used directly
to covalently bind the Cl-Syd to the BSA NPs by well-
established amide coupling protocols. Therefore, the carboxylic
acid of the CI-Syd derivative was activated using DCC/NHS
(N,N'-dicyclohexylcarbodiimide/N-hydroxysuccinimide) and
subsequentlg purified, as described by the groups of Specklin
and Taran.'” Subsequently, BSA NPs were functionalized with
the NHS-activated CI-Syd derivative, as described in the
experimental section. DLS analysis revealed a slight increase in
hydrodynamic diameter after functionalization but no sig-
nificant change in {-potential (165 nm, {-pot. =31 mV) and
good stability of the Cl-Syd-functionalized BSA NPs (CS-BSA
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NPs from here on) in carbonate buffer (pH 8.5). It was
observed that the initial and the CS-BSA NPs were less stable
in PBS buffer, even at an elevated pH of 8.0; thus, carbonate
buffer (pH 8.5) was used for functionalization reactions,
washing steps, and final storage until usage. The here added
amounts of DMSO did not affect the stability of the BSA NPs,
as investigated in control experiments (data not shown).
Fourier transform infrared (FTIR) spectroscopy and "H NMR
analyses were ambiguous to directly prove the linkage of the
Cl-Syd moieties on the NP surface.

To prove the presence of fully functional clickable groups, a
click reaction with a DBCO bearing cyanin dye was performed.
As clickable dye, DBCO-modified sulfo-cyanine-S dye
(DBCO-sCyS) was chosen. To 100 uL of a solution of 1
mg/mL CS-BSA NPs in carbonate buffer (pH 8.5), four
different amounts of DBCO-sCyS were added (final
concentrations of DBCO-sCyS$ of 25, 50, 100, and 250 M)
and incubated for 4 h at RT. After excessive washing steps, the
CS-BSA NPs incubated with DBCO-sCy5 showed an intense
blue color, thereby proving the presence of the CI-Syd moieties
on the BSA NP surface (Figure 2). For the sake of comparison,
images of non-functionalized BSA NPs, which were incubated
with the same concentrations of DBCO-sCyS5, are shown as
well. The non-functionalized BSA NPs, also after incubation
using high dye concentrations of 250 uM, did not show any
coloration, thereby excluding the possibility of non-specific
physisorption of the dye on the BSA NPs. By fluorescence
measurements, complete consumption of the 25 yM and 50
#M sCyS-DBCO after incubation with clickable BSA NPs was
observed. No remaining dye was detected in the first
supernatant after CS-BSA NP centrifugation, as shown in
Figure 2c,d (right). Supernatants of the non-functionalized
BSA NPs incubated with a final dye concentration of 25 and 50
4M, on the other hand, show an intense blue color since no
reaction between the dye and the BSA NPs occurred (Figure
2¢,d, left). The photoluminescent (PL) emission of the
supernatants isolated from the non-functionalized BSA NPs
increases proportionally with the concentration of DBCO-
sCyS added to the solution (see red linear regression in Figure
2e). When plotting the PL emission of the supernatants
removed from the incubated CS-BSA NPs, an increasing linear
regression can be observed above a DBCO-sCy5 concentration
of 100 uM, which runs parallel to the regression of the
supernatants removed from non-functionalized BSA NPs (see
orange regression in Figure 2e). The x-axis interception of this
second linear regression can give information about the
amount of clickable Cl-Syd moieties present per BSA NP
since the amount of consumed DBCO-sCyS can be directly
correlated to the total amount of clickable groups on the NP
surface. The DBCO-sCyS concentration, which is required to
completely saturate the CS-BSA NPs, was determined to be 85
UM, as given by the x-axis interception. The two linear
regressions of the PL emission of separated supernatants
plotted against the initial DBCO-sCyS concentration are
shown in Figure 2e, including the concentration at the x-axis
interception. Considering that 0.1 mg/mL of BSA NPs with a
hydrodynamic diameter of 120 nm corresponds to a total
number of 6 X 10" BSA NPs per mL (approx. 1 pmol), it can
be concluded that each CS-BSA NP is functionalized with
approximately 15.000 CI-Syd moieties. A detailed description
of this calculation can be found within the Supporting
Information section.
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Figure 2. (a) Schematic overview of the experiments, including a
control experiment using non-functionalized BSA NPs, which was
performed to evaluate the unspecific physisorption of the DBCO-
sCyS on the surface of the BSA NPs (left), and the specific reaction
between functionalized CS-BSA NPs and DBCO-sCyS, to evaluate
the reactivity of the moieties; (b) images to show the aspect of the
purified BSA NPs (N for nanoparticles) after incubation with DBCO-
sCyS at four different concentrations [(I): 25 uM, (II): SO uM, (III):
100 uM, and (IV): 250 uM], showing the aspect of non-
functionalized BSA NPs (control experiment) on the left and the
aspect of CS-BSA NPs on the right; (c) images to show the aspect of
the first supernatant removed (S for supernatant) after incubation
with DBCO-sCy$ at four different concentrations [(I): 25 uM, (II):
S0 uM, (III): 100 uM and (IV): 250 uM], showing the aspect of
supernatant removed from non-functionalized BSA NPs (control
experiment) on the left and the aspect of supernatant removed from
CS-BSA NPs on the right; (d) results from fluorescent measurement
of the first supernatants removed for the non-functionalized (control
experiment) (left) and CS-BSA NPs (right); and (e) PL emission
representation of the first supernatants obtained after incubating the
DBCO-sCyS with different concentrations of non-functionalized
(control experiment) and Cl-Syd functionalize BSA, indicating the
x-axis interception of the linear regression for the plot of sCyS
emission of the first supernatants removed from CS-BSA NPs after
incubation used to calculate the amount of Cl-Syd moieties per BSA
NP.

In Vitro Assays of Clickable BSA NPs and Clickable
Anti-PD-L1 Abs. After proving the successful coupling of the
clickable groups on the NP surface, an in vitro assay was
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performed to demonstrate the potential of the DBCO-anti-PD-
L1/CS-BSA NP system for pretargeted drug delivery in lung
cancer. As cell line, the human NSCLC cell line H358 was
chosen since anti-PD-L1 therapy, and its combination with
Abraxane is an FDA-approved therapy and widely used for
treatment of this type of lung cancer.”! Furthermore, PD-L1
overexpression in H358 cells line has been confirmed
previously.”® For the assay, clickable anti-PD-L1 Abs and
clickable BSA NPs, which can be visualized by a fluorescent
microscope or a well-plate reader, were required. Since the Cl-
Syd moieties were coupled to the BSA NPs, the corresponding
reactive DBCO groups for the SPSAC click reaction were
covalently bound to the anti-PD-L1 Abs. The anti-PD-L1 Abs
were functionalized with a DBCO derivative bearing an
activated NHS-ester, allowing for its direct coupling to primary
amine groups of the Abs. Furthermore, the DBCO derivative
contained a short polyethylene glycol spacer of four repeating
units (PEG,), thereby ensuring flexibility and spacing between
the clickable groups and the targeting Ab (see Figure 3a). The
detailed Ab functionalization conditions are given in the
experimental section. Using an anti-PD-L1 to DBCO-PEG,-
NHS ratio of 1:5 for the functionalization of primary amine
groups of the Ab, an introduction between 2 and 3 DBCO
moieties can be expected as observed in earlier studies applying
similar coupling procedures.””

For CS-BSA NP visualization, the NPs were functionalized
with a suitable dye. Fluorescein was used as fluorescent dye,
which was coupled to primary amine groups of the BSA as
isothiocyanate derivative [fluorescein isothiocyanate (FITC)].
The initial BSA NPs were first functionalized by FITC,
followed by the introduction of the CI-Syd click groups,
applying the protocol stated earlier (see the Experimental
Section for both coupling procedures). Each functionalization
step was monitored by DLS and {-potential measurements
(results shown in Figure 1c,d). Again, a slight increase in the
hydrodynamic diameter of the BSA NPs was observed after
each coupling procedure. Hydrodynamic diameter was found
to be 190 and 220 nm for FITC and FITC + Cl-Syd-
functionalized BSA NPs, respectively (see Figure 1c,d). The ¢-
potential was not significantly affected by the functionalization
of the BSA NPs and resulted in a value of —32 mV after FITC
coupling and —36 mV after the subsequent Cl-Syd
introduction. Besides the morphological analysis, also the
fluorescence of the BSA NPs after FITC and CI-Syd coupling
was measured. For both types of BSA NPs, FITC, and FITC +
Cl-Syd bearing NPs, a strong emission at 525 nm after
excitation at 480 nm was observed, proving the successful
incorporation of FITC groups on the surface of the BSA NPs.

The developed in vitro assay included three different sets of
experiments, two of which being control experiments either
lacking the addition of Ab or using non-functionalized anti-PD-
L1 Ab. The in vitro assay was performed as follows: first, H358
cells were transferred into wells of a 24-well-plate and cultured
for 24 h. In the second step, some wells were incubated with
the DBCO-functionalized anti-PD-L1 Abs (click-test, see
Figure 3b), whereas other wells were incubated with non-
functionalized anti-PD-L1 Abs (control 2, see Figure 3b). In
both cases, 2.5 ug of Abs was added into each well and
incubated for 4 h at 37 °C, allowing the anti-PD-L1 Abs to
interact and bind to the overexpressed PD-L1 on the cell
surface of the H358 cells. Into an additional two wells, neither
functionalized nor non-functionalized anti-PD-L1 were added
(control 1, see Figure 3b). After the Ab incubation steps, all
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Figure 3. (a) Functionalization of anti-PD-L1 Ab with DBCO-NHS; (b) overview of the in vitro assay, showing the first control experiment
without addition of an Ab (left), the second control experiment with the addition of non-functionalized anti-PD-L1 (center) and the experiment
using the clickable anti-PD-L1 Ab, resulting in the accumulation of CS-BS NPs on the surface of H358 cells (right); (c) PL emission spectra
obtained from the cell cultures used in the control 1, control 2, and the pretargeted reaction named as the click test; and (d) microscopy results
including the optical images of the H358 cells (left) and the fluorescent images of the same cells (right) showing a strong fluorescent signal on the
H358 cells previously treated with clickable anti-PD-L1 Abs (bottom right).

wells were washed three times with PBS buffer, and new PBS
buffer (pH 7.4) was added. As the next step, SO ug of FITC-
functionalized CS-BSA NPs were added to all wells and
incubated for 15 min to see the immediate reaction of the
clickable NPs with H358 cell-adhered clickable anti-PD-L]1.
Thereby, only a very short interaction between the two
clickable counterparts is allowed, mimicking a brief encounter
in the organism. Each experiment (control 1, control 2, and
click test, see Figure 3) was performed in duplicate. After
incubation, the wells were extensively washed, and cells were
subsequently fixed using a 2% paraformaldehyde solution in
PBS.

Once fixed, the cells were analyzed using a fluorescent
microscope coupled to a spectrometer. In the two control
experiments, no fluorescent signal of the FITC and thus no
accumulation of the CS-BSA NPs can be observed after an
incubation time of 15 min (see Figure 3c). In the set in which
the clickable anti-PD-L1 Ab was used, a significant
accumulation of CS-BSA NPs around the H358 cells was
observed, giving a signal 24-fold higher than the obtained
signal from the control experiments (see Figure 3d). This
result proves the successful coupling of the CS-BSA NPs to the
clickable Abs and the bio-orthogonality of the reaction on the
pretargeted cells after short incubation times. Since no
accumulation of CS-BSA NPs was observed in the control
experiments, a highly specific accumulation, only once DBCO
moieties are present on the H358 cell surface, was proven. In
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the experiments that lacked DBCO, no unspecific binding can
be seen after 15 min incubation time.

B CONCLUSIONS

In this work, BSA NPs with a mean hydrodynamic diameter of
120 nm and {-potential of —36 mV were synthesized, which
have been functionalized with clickable moieties based on Cl-
Syd. This molecule confers pretargeting properties to the BSA
NPs that could be used to accumulate them in a specific area
that has been previously targeted by an Ab equipped with a
corresponding clickable DBCO group. The previously reported
second-order reaction rate constant of 2 M ':s™! was
confirmed for the here used Cl-Syd DBCO click pair,
monitoring the reaction by NMR spectroscopy. The concept
of pretargeted drug delivery has been tested in two ways: first,
a click reaction between CS-BSA NPs and a DBCO-
functionalized sCyS was performed to determine the perform-
ance of the system in conditions with low steric hindrance; this
experiment permitted to infer the number of reactive moieties
existing on the surface of the BSA NPs which determined to be
approximately 15.000 molecules per NP. Second, the click
reaction was carried out in an in vitro experiment, between
clickable CS-BSA NPs and anti-PD-L1 Ab functionalized with
DBCO, that had been previously incubated with PD-L1
overexpressing H358 cells. The results of these experiments
demonstrate the suitability of this click reaction to perform the
pretargeting strategy in vitro between two subunits, BSA NPs
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and anti-PD-L1 Abs, which are not exempt from steric
hindrance using incubation times as short as 15 min. From the
encouraging results of this work on pretargeting of CS-BSA
NPs combined with the use of anti-PD-L1 Ab as the
pretargeting moiety, a well-established FDA-approved check-
point inhibitor, we realize the bright future of this and similar
platforms to achieve simultaneous immuno- and pretargeted
chemotherapy of different cancers that overexpress PD-L1. In
ongoing studies, the here described system will be tested in
vivo, thoroughly evaluating the biodistribution of the two
clickable components and their successful reaction inside a
living organism. Furthermore, paclitaxel encapsulated CS-BSA
NPs will be prepared, and a potential improvement of a
pretargeted combinational immunotherapy in comparison to a
common combinational immunotherapy using anti-PD-L1 and
Abraxane will be examined.

B EXPERIMENTAL SECTION

Synthesis of BSA NPs. The BSA NPs were synthesized by
the desolvation methods, applying an established protocol
from the group of Rubio-Retama.”” In short, to a solution of 5
mg of BSA in 1 mL of carbonate buffer (20 mM, pH of 8.5), 4
mL of ethanol was added at a flow rate of 3 mL/min. Upon
addition of ethanol, the BSA NPs precipitated, and 11.5 uL of
glutaraldehyde (0.25 wt %) was added for BSA cross-linkage,
thereby ensuring their stability.

Functionalization of BSA NPs with NHS-Activated CI-
Syd. To functionalize the BSA NPs with clickable Cl-Syd
groups, S0 uL of an NHS-activated Cl-Syd stock in DMSO (30
mM) was added to a suspension of BSA NPs at a
concentration of 1 mg/mL in carbonate buffer (pH 8.5).
The reaction was stirred overnight and subsequently purified
by centrifugation. The BSA NPs were washed three times with
carbonate buffer.

Functionalization of BSA NPs with FITC. For FITC
introduction, 50 uL of a FITC stock in DMSO (6.4 mM) was
added to 1 mg/mL BSA NPs in carbonate buffer (pH 8.5).
The reaction was allowed to proceed for 3 h at RT. FITC-
functionalized BSA NPs were purified by three washing steps
using carbonate buffer.

Anti-PD-L1 Functionalization with Clickable DBCO
Moieties. For the Ab functionalization, 5 uL of DBCO-PEG,-
NHS stock (2.2 mM) in DMSO was added to a solution of
330 pg of anti-PD-L1 in 200 uL of PBS (pH 8.0) and
incubated for 4 h at RT. After the coupling, the DBCO-
functionalized Abs were purified by centrifugal concentrators
with a molecular weight cutoff of 50 kDa.
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PD-L1, programmed cell death 1 ligand 1; PEG, polyethylene
glycol; sCyS, sulfo-cyanine-5 dye; Syd, sydnone; TCO, trans-
cyclooctene; TIL, tumor-infiltrating lymphocytes; RES, retic-
uloendothelial system; SPSAC, strain-promoted sydnone—
alkyne cycloaddition

B REFERENCES

(1) Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J. M.; Peer, D. Progress
and Challenges towards Targeted Delivery of Cancer Therapeutics.
Nat. Commun. 20182018, 9, 1—-12.

(2) Wolfram, J.; Ferrari, M. Clinical Cancer Nanomedicine. Nano
Today 2019, 25, 85—98.

(3) Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.;
Peppas, N. A.; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discovery 2021, 20, 101—124.

(4) Barenholz, Y. Doxil® — The First FDA-Approved Nano-Drug:
Lessons Learned. J. Control. Release 2012, 160, 117—134.

(5) Miele, E.; Spinelli G. P.; Miele, E; Tomao, F.; Tomao, S.
Albumin-Bound Formulation of Paclitaxel (Abraxane® ABI-007) in
the Treatment of Breast Cancer. Int. J. Nanomed. 2009, 4, 99.

(6) Moiseeva, A. A. Anthracycline Derivatives and Their Anticancer
Activity. J. Nesmeyanov Inst. Organoelement Compd. Russ. Acad. Sci.
2019, 2, 9—18.

(7) Hua, S.; de Matos, M. B. C.; Metselaar, J. M.; Storm, G. Current
Trends and Challenges in the Clinical Translation of Nanoparticulate
Nanomedicines: Pathways for Translational Development and
Commercialization. Front. Pharmacol. 2018, 9, 790.

(8) Chattopadhyay, N.; Fonge, H.; Cai, Z.; Scollard, D.; Lechtman,
E.; Done, S. J.; Pignol, J.-P.; Reilly, R. M. Role of Antibody-Mediated
Tumor Targeting and Route of Administration in Nanoparticle
Tumor Accumulation in Vivo. Mol. Pharm. 2012, 9, 2168—2179.

(9) Verhoeven, M.; Seimbille, Y.; Dalm, S. U. Therapeutic
Applications of Pretargeting. Pharm 2019, 11, 434.

(10) Liu, F.; Liang, Y.; Houk, K. N. Bioorthogonal Cycloadditions:
Computational Analysis with the Distortion/Interaction Model and
Predictions of Reactivities. Acc. Chem. Res. 2017, 50, 2297—2308.

(11) Kim, E.; Koo, H. Biomedical Applications of Copper-Free Click
Chemistry: In Vitro, in Vivo, and Ex Vivo. Chem. Sci. 2019, 10, 7835—
7851.

(12) Baskin, J. M.; Prescher, J. A;; Laughlin, S. T.; Agard, N. J;
Chang, P. V,; Miller, I. A;; Lo, A; Codelli, J. A.; Bertozzi, C. R.
Copper-Free Click Chemistry for Dynamic in Vivo Imaging. Proc.
Natl. Acad. Sci. U.S.A. 2007, 104, 16793—16797.

828

(13) Sletten, E. M.; Bertozzi, C. R. From Mechanism to Mouse: A
Tale of Two Bioorthogonal Reactions. Acc. Chem. Res. 2011, 44, 666—
676.

(14) Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. A Strain-Promoted
[3 + 2] Azide—Alkyne Cycloaddition for Covalent Modification of
Biomolecules in Living Systems. J. Am. Chem. Soc. 2004, 126, 15046—
15047.

(15) Phase 1 Study of SQ3370 in Patients With Advanced Solid
Tumors - Full Text View - ClinicalTrials.gov, https://clinicaltrials.
gov/ct2/show/NCT04106492#contacts (accessed 2021-10-22).

(16) Rossin, R.; van den Bosch, S. M.; ten Hoeve, W.; Carvelli, M.;
Versteegen, R. M.,; Lub, J.; Robillard, M. S. Highly Reactive Trans-
Cyclooctene Tags with Improved Stability for Diels—Alder Chemistry
in Living Systems. Bioconjugate Chem. 2013, 24, 1210—1217.

(17) Richard, M.; Truillet, C.; Tran, V. L; Liu, H,; Porte, K;
Audisio, D.; Roche, M.; Jego, B.; Cholet, S.; Fenaille, F.; Kuhnast, B.;
Taran, F.; Specklin, S. New Fluorine-18 Pretargeting PET Imaging by
Bioorthogonal Chlorosydnone-Cycloalkyne Click Reaction. Chem.
Commun. 2019, 55, 10400.

(18) Akinleye, A.; Rasool, Z. Immune Checkpoint Inhibitors of PD-
L1 as Cancer Therapeutics. J. Hematol. Oncol. 2019, 12, 92—13.

(19) De Sousa Linhares, A.; Battin, C.; Jutz, S.; Leitner, J.; Hafner,
C.; Tobias, J; Wiedermann, U; Kundi, M, Zlabinger, G. J;
Grabmeier-Pfistershammer, K,; et al. Therapeutic PD-L1 Antibodies
Are More Effective than PD-1 Antibodies in Blocking PD-1/PD-L1
Signaling. Sci. Rep. 2019, 9, 1-9.

(20) Sun, L.; Zhang, L.; Yu, J.; Zhang, Y.; Pang, X;; Ma, C.; Shen,
M.,; Ruan, S.;; Wasan, H. S.; Qiu, S. Clinical Efficacy and Safety of
Anti-PD-1/PD-L1 Inhibitors for the Treatment of Advanced or
Metastatic Cancer: A Systematic Review and Meta-Analysis. Sci. Rep.
2020, 10, 1—-13.

(21) Zhang, F.; Huang, D.; Zhao, L; Li, T.; Zhang, S.; Zhang, G.;
Yuan, F.,; Zhang, J.; Zhang, Y.; Zhao, Z.; et al. Efficacy and Safety of
PD-1/PD-L1 Inhibitors plus Nab-Paclitaxel for Patients with Non-
Small Cell Lung Cancer Who Have Progressed after Platinum-Based
Chemotherapy. Ther. Adv. Med. Oncol. 2020, 12, 1758835920936882.

(22) Hayashi, H.; Nakagawa, K. Combination Therapy with PD-1 or
PD-L1 Inhibitors for Cancer. Int. J. Clin. Oncol. 2020, 25, 818—830.

(23) Plougastel, L.; Koniev, O.; Specklin, S.; Decuypere, E;
Créminon, C.; Buisson, D.-A.; Wagner, A.; Kolodych, S.; Taran, F.
4-Halogeno-Sydnones for Fast Strain Promoted Cycloaddition with
Bicyclo-[6.1.0]-Nonyne. Chem. Commun. 2014, 50, 9376—9378.

(24) Baker, W.; Ollis, W. D. Meso-Ionic Compounds. Q. Rev. Chem.
Soc. 1957, 11, 15-29.

(25) Arriagada, F.; Giinther, G.; Zabala, I; Rubio-Retama, J;
Morales, J. Development and Characterization of Florfenicol-Loaded
BSA Nanoparticles as Controlled Release Carrier. AAPS PharmSci-
Tech 2019, 20, 1-8.

(26) Yu, W.; Hua, Y; Qiu, H.; Hao, J.; Zou, K; Li, Z;; Huy, S.; Guo,
P.; Chen, M,; Sui, S.; Xiong, Y.; Li, F,; Lu, J.; Guo, W.; Luo, G.; Deng,
W. PD-L1 Promotes Tumor Growth and Progression by Activating
WIP and f-Catenin Signaling Pathways and Predicts Poor Prognosis
in Lung Cancer. Cell Death Dis. 2020, 11, 1-16.

(27) de Lucas, A. G.; Schuhmacher, A. J.; Oteo, M.; Romero, E;
Cémara, J. A; de Martino, A; Arroyo, A. G,; Morcillo, M. A;
Squatrito, M.; Martinez-Torrecuadrada, J. L; et al. Targeting MT1-
MMP as an ImmunoPET-Based Strategy for Imaging Gliomas. PLoS
One 2016, 11, No. e0158634.

https://doi.org/10.1021/acs.bioconjchem.2c00087
Bioconjugate Chem. 2022, 33, 821-828


https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1016/j.nantod.2019.02.005
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.2147/ijn.s3061
https://doi.org/10.2147/ijn.s3061
https://doi.org/10.32931/io1902r
https://doi.org/10.32931/io1902r
https://doi.org/10.3389/fphar.2018.00790
https://doi.org/10.3389/fphar.2018.00790
https://doi.org/10.3389/fphar.2018.00790
https://doi.org/10.3389/fphar.2018.00790
https://doi.org/10.1021/mp300016p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300016p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300016p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics11090434
https://doi.org/10.3390/pharmaceutics11090434
https://doi.org/10.1021/acs.accounts.7b00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9sc03368h
https://doi.org/10.1039/c9sc03368h
https://doi.org/10.1073/pnas.0707090104
https://doi.org/10.1021/ar200148z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200148z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://clinicaltrials.gov/ct2/show/NCT04106492#contacts
https://clinicaltrials.gov/ct2/show/NCT04106492#contacts
https://doi.org/10.1021/bc400153y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc400153y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc400153y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9cc05486c
https://doi.org/10.1039/c9cc05486c
https://doi.org/10.1186/s13045-019-0779-5
https://doi.org/10.1186/s13045-019-0779-5
https://doi.org/10.1038/s41598-019-47910-1
https://doi.org/10.1038/s41598-019-47910-1
https://doi.org/10.1038/s41598-019-47910-1
https://doi.org/10.1038/s41598-020-58674-4
https://doi.org/10.1038/s41598-020-58674-4
https://doi.org/10.1038/s41598-020-58674-4
https://doi.org/10.1177/1758835920936882
https://doi.org/10.1177/1758835920936882
https://doi.org/10.1177/1758835920936882
https://doi.org/10.1177/1758835920936882
https://doi.org/10.1007/s10147-019-01548-1
https://doi.org/10.1007/s10147-019-01548-1
https://doi.org/10.1039/c4cc03816a
https://doi.org/10.1039/c4cc03816a
https://doi.org/10.1039/qr9571100015
https://doi.org/10.1208/s12249-019-1419-7
https://doi.org/10.1208/s12249-019-1419-7
https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.1038/s41419-020-2701-z
https://doi.org/10.1371/journal.pone.0158634
https://doi.org/10.1371/journal.pone.0158634
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.2c00087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

