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Antibody therapeutics show great potential to treat a variety of diseases. Often, the dose that can be safely
administered is limited by side effects that arise from the interaction with the target outside the diseased tissue.
Conditionally-active antibodies provide an additional layer of selectivity to improve safety. Distinct external
stimuli or internal cues enable different control strategies and applications. However, current antibody masking
strategies have low transferability across stimuli. Here we propose a versatile approach to conditionally mask
antibody derivatives and its application to a single chain variable fragment (scFv) against a receptor expressed on
cancer stem cells in several tumours. Our strategy relies on the site-specific conjugation of a polymer to an
engineered cysteine residue through a chemically-synthesised linker that can be cleaved in response to the target
stimulus. We show that the masking efficiency depends on the conjugation site and the size of the mask. An
optimised mask decreases antigen binding by up to 20-fold and affinity can be fully recovered upon activation by
exposure to light at 365 nm or by incubation with matrix metalloproteinases overexpressed in solid tumours. This
approach opens up the possibility to rapidly engineer antibodies activatable with any internal or external
stimulus.

Introduction targeted is to add an additional layer of selectivity by rendering anti-

body binding conditional to particular stimuli. Reversibly-masked an-

Monoclonal antibodies have shown high efficacy as therapeutics
against several indications, such as oncology, immune disorders and
infectious diseases, among others. Over 160 antibody-based therapeu-
tics have been approved for clinical use by at least one regulatory agency
and they are one of the most rapidly growing classes of drugs [1]. The
high selectivity of antibodies for a target tissue relies on high expression
levels of their antigen at the diseased site compared to other tissues.
However, the number of targets with sufficient overexpression is very
limited, and the vast majority of the approved antibody therapies are
directed against less than 30 targets. Moreover, even antibodies that
target antigens which are highly expressed at the diseased site have
dose-limiting effects due to the engagement of the antigen in healthy
tissues. One way to expand the pool of antigens that can be safely

tibodies, which recover their ability to engage their target only after
selective activation in the diseased tissue, can lead to an increased
therapeutic window and may even enable new therapeutic modalities
[2].

The field of conditionally-active or activatable antibodies has
emerged within the last decade [3]. Therapeutic antibodies can be
activated in response to a wide variety of stimuli, both internal, such as
the presence of specific enzymes or pH, and external, such as light and
small molecules. Three pH-sensitive antibodies are in clinical use [4-6]
and several protease-sensitive antibodies are currently in clinical trials.
However, all the approaches published in the literature show limited
versatility. Some can only be applied to specific antibody formats or
specificities and very few can be adapted to respond to different stimuli.
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Most antibody masking strategies reported to date rely on the
extension of the protein N-terminus with a blocking moiety. For
instance, XTENylated® antibodies consist in fusing a single chain anti-
body variable fragment (scFv) with a long unstructured sequence [7].
This extension enables a substantial reduction in antibody binding.
Antibody derivatives masked with this approach have shown promising
results and have recently entered clinical trials (ClinicalTrials.gov
Identifier: NCT05356741). Since fusion proteins restrict the position of
the mask to the N-terminus, even if small masks have been reported for
particular antibodies [8], large polypeptides (250-500 amino acid resi-
dues) are generally required [7]. Furthermore, applicability of recom-
binant polypeptide masks is limited to using proteases as an activation
cue.

In this work, a new strategy to engineer activatable antibodies that
can be adapted to different activation stimuli has been developed. The
proposed approach relies on the site-specific conjugation of a flexible
and hydrophilic polymer near the complementary determining regions
(CDRs) to reversibly mask the antibody by steric hindrance (Fig. 1).
First, the production of an scFv with a suitable reactive cysteine was set
up. Then, the extent to which masking efficiency can be modulated
through the conjugation site and the polymer size was investigated.
Finally, responsiveness to two different activation stimuli, namely light
and proteases, was implemented to unmask the scFv and recover bind-
ing affinity.
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Fig. 1. Schematic representation of the new approach to generate conditionally
active scFvs presented here. A polymer is site-specifically conjugated to a Cys
residue (orange sphere), engineered at a selected position in the complementary
determining regions (CDRs, in aquamarine). The mask is tethered to the scFv
via a linker synthetised to be cleaved in response to a defined stimulus, such as
light or proteases.
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Materials and methods
General materials and reagents

LB broth was purchased from NZYTech (Lisbon, Portugal), sodium
chloride from Scharlab (Barcelona, Spain), potassium chloride from
Panreac Quimica (Barcelona, Spain), Tris(2-carboxyethyl)phosphine
(TCEP) from EMD Millipore (Darmstadt, Germany), while Trizma
base, potassium phosphate monobasic, sodium phosphate dibasic,
kanamycin sulphate, ethylenediaminetetraacetic acid (EDTA), 2-mer-
captoethanol, urea, phenylmethanesulfonyl fluoride (PMSF), L-gluta-
thione reduced and L-glutathione oxidised were purchased from Sigma
Aldrich (Milwaukee, WI, USA). Reagents for solid-phase peptide syn-
thesis include: RinkAmide ChemMatrix® resin purchased from PCAS
BioMatrix Inc. (St-Jean-sur-Richelieu, Quebec, Canada), 2-chlorotrytil
chloride resin, Fmoc-protected amino acids, 4-{4-[1-(9-Fluo-
renylmethyloxycarbonylamino)ethyl]-2-methoxy-5-nitrophenoxy}
butanoic acid, and OxymaPure® from Iris Biotech (Marktredwitz, Ger-
many), N,N-Diisopropylcarbodiimide (DIC) from Sigma Aldrich (Mil-
waukee, WI, USA), trifluoroacetic acid (TFA) from Apollo Scientific
(Cheshire, UK), dichloromethane (DCM) from VWR Chemicals (Radnor,
PA, USA), and N,N-dimethylformamide (DMF) and pyperidine from
Carlo Erba Reagents (Emmendingen, Germany).

scFy construct and Cys-scanning library preparation

The anti-CD133 gene was kindly provided by Dr. Jayanth Panyam in
a pET28c¢ vector with kanamycin resistance [9]. The c-terminal FLAG-
and Hispo-tags were introduced by PCR in two amplification reactions
using long reverse primers (Suppl. Table S1). To increase amplification
yield, 5% DMSO was added to the PCR reaction. The amplified product
was digested with Ncol-HF and NotI-HF restriction enzymes (New En-
gland Biolabs, Ipswich, MA, USA), as was the pET28c vector, and liga-
tion was performed with T4 DNA ligase (New England Biolabs, Ipswich,
MA, USA), following manufacturer’s instructions. For the mutant li-
brary, Cys residues were site-specifically mutated into selected positions
along the scFv sequence by Quick-change mutagenesis using
partially-overlapping primers (Suppl. Table S2). Template DNA was
digested with Dpnl before transforming into chemically competent
DH5a cells. All cloning procedures were confirmed by Sanger
sequencing.

scFvs expression and purification from inclusion bodies

BL21(DE3) E. coli chemically competent cells were transformed with
the cloned plasmids and grown in LB + 50 mg/mL kanamycin at 37 °C
with shaking overnight. On the following day, pre-inoculum was diluted
to 0.1 ODggp and allowed to grow at 37 °C and shaking until ODggo
reached at least 0.8. At this point, 750 pM Isopropyl p-d-1-thio-
galactopyranoside (IPTG, Neo Biotech, Nanterre, France) were added to
the culture and scFvs expression was carried out at 30 °C and 150 rpm
overnight. Cells were harvested by centrifugation at 6000 g for 15 min at
4 °C. Pellets were resuspended in lysis buffer (50 mM TRIS-HCI pH 8.0,
1 mM EDTA, 150 mM NaCl, 1% Triton X-100 and 1 mM PMSF) and
intracellular content was released by sonication at 40% amplitude, with
25 s ON and 30 s OFF pulses, for a total of 10 min on ice. Lysis sus-
pension was clarified centrifuging at 25,000 g for 25 min at 4 °C. In-
clusion bodies were solubilised by gentle agitation at 4°C in
denaturation buffer (50 mM TRIS-HCl pH8.0, 50 mM NaCl, 7 M urea
and 5 mM 2-mercaptoethanol) for 45 min to 1 h, followed by centrifu-
gation at 25,000 g, for 25 min at 4 °C. From the supernatant, denatured
scFv was purified by Immobilised Metal Chelate Affinity Chromatog-
raphy (1 mL IMAC HisTrap™ HP column, Cytiva, Amersham, UK) on a
fast protein liquid chromatography system (FPLC, BIO-RAD NGC, BIO-
RAD, Hercules, CA, USA). Purified scFvs were refolded by dialysis
adapting the protocol in [10]. Briefly, the protein was dialysed against
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buffers with decreasing urea concentration, starting from 45 mM
TRIS-HCI pH8.0, 1 mM EDTA, 1 mM GSH, 0.2 mM GSSG and 6 M urea,
then reducing urea to 4, 2, 1, 0.5 and 0.2 M. Urea was removed
completely by dialysing against 45 mM TRIS-HCl, 1 mM EDTA and
150 mM NaCl. Eventual precipitate was removed by centrifugation at
18,000g for 10 min at 4 °C. The refolded protein was analysed by
SDS-PAGE and LC-MS. Samples were analysed using the Q-TOF X500B
connected to an Exion LCAD chromatograph. The analysis was per-
formed using the BioResolve RP mADb (150 x2.1 mmx2.7 um, Waters,
Milford, MA, USA) column and applying a 5-95% gradient acetonitrile
(0.1% formic acid) in water (0.1% formic acid) in 5 min. Q-TOF MS was
operated in the positive ion mode for the analysis. The mass spectra were
recorded across the range of 100-3000 Da with a fixed collision energy
of 5 V. Data acquisition and evaluation was performed using SCIEX OS
software.

Stimuli-sensitive linkers synthesis

All the linkers were synthetised via manual solid-phase peptide
synthesis (SPPS). The synthesis was performed in polypropylene sy-
ringes with a polypropylene porous filter, mounted on top of a vacuum
manifold for quick solvent elimination. A Rink amide AM resin
(0.65 mmol/g) for the protease-sensitive linker and a Chlorotrytil resin
(1.4 mmol/g) for the photo-sensitive linker were used. Fmoc-protected
amino acids and reagents were subsequently coupled following stan-
dard protocols. Briefly, after washing the resin, N-terminal Fmoc was
deprotected with 20% piperidine solution in DMF. Then, 4 eq of the
following Fmoc-protected residue were activated with 4 eq DIC and 4 eq
of OximaPure® to avoid racemization. Coupling reaction was allowed to
proceed at RT for 1 h in DMF. Following each step, excess reagents and
by-products were removed washing multiple times with DCM and DMF.
Ninhydrin test was used to confirm correct coupling and Fmoc-
deprotection, whereas chloranil test was used to detect secondary
amines.

Cleavage from the resin and side chain deprotection of the linkers

After deprotecting the Fmoc from the last residue, the resin was
washed several times with DCM and DMF and then allowed to dry for
15 min. The dried resin was collected in a falcon tube and incubated for
3 h at RT in the cleavage cocktail, made of TFA, DCM, ethanedithiol,
water and triisopropylsilane in the following proportions 94:0:2.5:2.5:1
(v/v) for the protease-sensitive linker and 40:54:2.5:2.5:1 (v/v) for the
photo-sensitive linker. The solvent was then evaporated under inert
atmosphere. The peptide was precipitated by adding diethyl ether at
0°C and centrifuging at 5000 g for 5 min at 4 °C. The process was
repeated three times to remove any non-peptidic impurity. The cleaved
peptides were solubilised in 50% acetonitrile in water with 0.1% TFA,
separated from the resin by filtration through 0.45 um filters and
lyophilised.

Stimuli-sensitive linkers purification and characterisation

The lyophilised peptides were resuspended in water and purified
using an Aeris Peptide XB-C18 100 LC Column (250 x21.2 mm, 5 pm,
Phenomenex, Torrance, CA, USA) mounted on an Agilent 1260 Infinity
II system with ChromScope software, a 1260 VWD, a 1260 Preparative
Binary Pump, a 1260 Column Organizer and a 1290 Preparative Fraction
Collector. Purification was carried out in 5-95 gradient of acetonitrile
(0.1% TFA) in water (0.1% TFA), with a flow of 20 mL/min. The peaks
containing the peptide were identified using a MALDI-TOF Bruker Bio-
typer MBT smart, pooled together and lyophilised. Peptides purity was
confirmed via UHPLC analysis.
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Stimuli-sensitive linkers cleavage analysis

The photo-sensitive linker at 1 mM concentration was irradiated
under a UV lamp at 15 cm distance and light at 365 nm with a measured
irradiance of 1.7 mW/cm?. Samples were collected at 5, 15, 30, 45 min,
1, 2 and 4 h, and diluted to 100 pM for analysis in the UHPLC. For the
protease-cleavable linker, the MMP2 and MMP9 zymogens (Enzo Life-
Science) at 1.6 pM were previously activated in Tris-Triton-Calcium
buffer in the presence of 250 nM 4-Aminophenylmercuric acetate
(APMA, Sigma Aldrich) for 1 or 5h at 37 °C, respectively. After acti-
vation, the enzymes were diluted to 200 nM in the presence of 1 mM of
the protease-sensitive linker (1:5000 enzyme:peptide) and incubated at
37 °C. Samples were taken at 0.5, 1, 1.5 and 2 h and diluted to 50 pM for
analysis in UHPLC.

Stimuli-sensitive linkers conjugation to PEG

30 kDa mPEG-mal (Laysan Bio, Arab, AL, USA) was resuspended at
0.1 mM in water and reacted with 5 eq of photo- or protease-sensitive
linker, in the presence of a 8 eq of triethylamine. Reaction was incu-
bated for 2 h at RT, after which free Cys residues were capped with 20 eq
of 2-mercaptoethanol (Sigma Aldrich, Milwaukee, WI, USA). Excess 2-
mercaptoethanol was removed by gel filtration purification on a PD
Miditrap column (GE Healthcare, Chicago, IL, USA), collecting fractions
of 2-3 drops each. Fractions with highest concentration of PEG were
pooled. 20 eq of 4-maleimidobutyric acid N-hydroxysuccinimide ester
(mal-NHS, BLDpharm, Shanghai, China) were added to the reaction to
functionalise the N-terminus of the peptide with maleimide and left to
react for 2 h at RT. Finally, functionalised PEG was purified by gel
filtration purification on a PD Miditrap column (GE Healthcare, Chi-
cago, IL, USA) and lyophilised.

Analytical UHPLC analysis

Linkers purity and cleavage, as well as stimuli-responsive mask
synthesis were analysed by reverse-phase UHPLC on a SunFire C18
column (100 i\, 3.5 um, 4.6 mm x 150 mm, Waters) connected to an
Agilent 1260 Infinity II system with ChromoScope software (1260 DAD
WR, 1260 Vial Sampler and 1260 Flexible Pump). The flow was set to
0.6 mL/min using a standard 5-95% acetonitrile (0.1% TFA) in water
(0.1% TFA) gradient over 12 min.

Masks conjugation to scFv and purification

scFvs were first reduced with at least 20 eq of TCEP for 2 h at RT.
Reduced scFvs were buffer exchanged to PBS using a PD Miditrap col-
umn, while simultaneously removing the TCEP. Conjugation was carried
out incubating with 25 eq of the mask, cleavable or uncleavable, for 2 h
at RT. The scFv conjugated to the 5 kDa protease-cleavable zwitterionic
peptide (Peptide Synthesis Core Facility, UPF) was used as such in the
following experiments. The other samples were purified by size-
exclusion chromatography (SEC) on an Enrich SEC 70 (BIO-RAD, Her-
cules, CA, USA) column, connected to a BIO-RAD NGC FPLC. After pu-
rification, when needed, samples were concentrated using 10 kDa
MWCO 0.5 mL Amicon Ultra centrifugal filter devices (EMD Millipore,
Darmstadt, Germany).

Cell culture

HeLa and Caco?2 cells were cultured in DMEM High Glucose medium
(BioWest, Nuaillé, France) supplemented with 10% foetal bovine serum
(FBS, VWR Life Science Seradigm), 2 mM L-glutamine (BioWest,
Nuaillé, France) and antibiotics (60 and 100 mg/L of penicillin and
streptomycin respectively, Biowest, Nuaillé, France). Cells were
cultured in T75 flasks until 80% confluence at 37 °C and 5% CO», then
passaged. All work performed with human cells follow the ethical
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principles and EU Directive 2004/23/EC.
Cell binding experiments

HeLa or Caco2 cells were seeded at 1 x 10* cells/well in 96-well
plates. In the case of HeLa cells, one day after seeding, they were
transfected with pCMV3-C-GFPSpark® Vector (SinoBiological, Beijing,
China) using TransIT-HeLaMONSTER® (Mirus Bio, Madison, WI, USA)
and following manufacturer’s instructions. Briefly, a transfection mix
with 100 ng/well of plasmid, 0.2 pL/well of TransIT reagent and 0.2 pL/
well of HeLaMONSTER reagent in OPTI-MEM was prepared. 10 pL of
this solution were added drop-wise to 100 pL of complete DMEM in each
well. After overnight incubation, medium was changed to fresh com-
plete DMEM. Cell binding assays were performed 48 h after transfection
as follows: upon washing away the medium, cells were incubated with
50 pL of scFv at different dilutions in PBS + 1% bovine serum albumin
(BSA, Sigma Aldrich, Milwaukee, WI, USA) for 1 h on ice; scFv solution
was washed and replaced with 50 pL/well of a 1:1600 dilution of Alexa
Fluor® 647 anti-DYKDDDDK Tag Antibody (BioLegend, San Diego, CA,
USA) in PBS + 1% BSA, incubating for 45 min on ice. Following removal
of the secondary antibody solution, cells were detached with 25 pL/well
of Trypsin-EDTA (Gibco) for 5 min at 37 °C, after which trypsin was
inactivated by adding 100 pL/well of complete DMEM with 33% (v/v)
formalin. Cells were analysed with an Agilent NovoCyteflow cytometer,
detecting at 488 nm the cells expressing the transfected construct and at
640 nm the cells with AF647-conjugated antibody on the surface. Data
was analysed plotting the percentage of AF647 "-cells amongst the GFP™*
ones against the concentration of the scFv.

Results and discussion
Production and characterisation of the scFy

The scFv format was selected because it is the minimal antibody
format with both variable domains; thus, masking methods developed
on scFvs may be readily transferred into other antibody formats. In
particular, the selected scFv targets CD133, a biomarker for cancer stem
cells in brain, prostate, colorectal and ovarian cancers, among others,
but also expressed in several types of healthy cells [11].

An efficient expression system of the scFv in the cytoplasm of E. coli
was set up. In order to facilitate detection and purification, the scFv was
modified to include a FLAG-tag and a His; 5-tag at the C-terminus (Suppl.
Table S3). To maximise production yield, the scFv was expressed
insolubly, purified from inclusion bodies, and refolded by dialysis, with
a final yield of 8 mg/L of culture after refolding. The refolding process
was carried out in the presence of both oxidised and reduced glutathione
to favour formation of the correct cysteine pairs, keeping the pH con-
stant at 8.0, while the concentration of denaturing agent was decreased
step-wise. The purity of the protein was confirmed on SDS-PAGE (Suppl.
Fig. S1) and the expected mass was identified by LC-MS analysis, con-
firming formation of two disulphide bridges (Fig. 2a).

In order to assess activity of the refolded scFv, the binding to HeLa
cells transfected with a plasmid encoding for a CD133-GFP fusion pro-
tein was studied via flow cytometry. Fusion of GFP to the target receptor
enabled gating for cells expressing high levels of CD133. From this
experiment we calculated an apparent Kp of 0.43 nM (Figs. 2b-c and S2).

Effect of conjugation site and mask size on masking efficiency

Antibody masking strategies based on steric hindrance mostly rely
either on stochastic polymer conjugation or modification of the N-ter-
minus. While the first approach yields heterogeneous mixtures and en-
ables limited modulation capacity of binding affinity [12-14], the latter
may require very large masks to significantly decrease affinity and en-
ables only activation by proteases [7,15,16]. The N-terminus is rela-
tively distant (2-3 nm) from the complementary determining region
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Fig. 2. Characterisation of the anti-CD133 scFv. a) Deconvoluted mass spec-
trum shows the expected mass accounting for the 4 Da loss after formation of
the two disulphide bridges. b) Schematic representation of the experimental set-
up for the binding assays. ¢) The refolded scFv shows specific binding with sub-
nanomolar K4 to HeLa cells upon transfection with the CD133 antigen.

(CDR) most commonly engaged in antigen binding, namely the CDR3 on
the heavy chain (HCDR3). Therefore, we hypothesised that locating the
mask closer or inbetween the CDRs might provide higher masking ca-
pacity. Hence, the extent to which the conjugation site influenced the
masking efficiency needed to be assessed. To this end, several residues
were mutated to cysteine to enable site-specific conjugation of the
masking moiety through thiol-maleimide chemistry, although the
strategy proposed could easily implement other site-specific conjugation
methods [17]. Since no crystal structure was available for this scFv, a
model of the structure was generated with AlphaFold2 [18] and used to
guide the rational selection of conjugation sites, bearing in mind the
limitations in the prediction of the loop conformations. The selected
residues were located either in the more conserved loops flanking the
CDRs or in the CDRs themselves, excluding the CDR3 from both chains
(Figs. 3a and S3). The residues selected as anchor sites had side chains
oriented towards the solvent to maximise reactivity with the mask.

All the Cys mutants were produced following the protocol we
developed for the WT scFv. LC-MS analysis of the variants highlighted
the presence of another peak corresponding to the scFv with the
substituted Cys capped by the glutathione used during the refolding
process. To ensure availability of the thiol group for conjugation, the
refolded protein was first reduced with TCEP. LC-MS analysis of the
reaction showed that incubation with at least 10 eq of TCEP for 2 h at
25 °C was needed to achieve full reduction of the scFv (Suppl. Fig. S4).
The reduced Cys was then free to react with the selected mask (Fig. 3b
and Suppl. Fig. S5).

The first screenings were 10 kDa

performed  using
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Fig. 3. Development of the masking strategy. a) Side and top view of the AlphaFold2 model of the anti-CD133 scFv. CDRs 1 and 2 are coloured in aquamarine and
CDRs 3 in blue. The positions selected as conjugation sites for the masking moiety are represented as orange spheres and labelled according to their IMGT numbering,
with L for light chain and H for heavy chain. The position marked as 126* is outside of the VL and VH domains and was numbered based on the position in the
primary sequence. b) Schematic representation of the conjugation to the masking moieties. scFv was first reduced with TCEP to free the engineered Cys for the
reaction with the maleimide-functionalised mask. Reduction and conjugation were confirmed by LC-MS analysis. ¢) Binding of different Cys mutants, conjugated or
not to 10 kDa PEG. The results for three representative mutants are plotted in this graph. Data for all mutants is represented in Fig. S6c-e. d) Binding of L37
conjugated to masking moieties of different sizes, as measured by flow cytometry. Filled area indicates the 95% confidence interval for the fitted values. This set of

data is representative of 2 independent experiments.

polyethyleneglycol (PEG) polymer as a mask (Suppl. Fig. S6a). After the
conjugation, samples were purified by SEC to separate the masked scFv
from the unconjugated protein (Suppl. Fig. S6b). Binding assays on
CD133-transfected HeLa cells confirmed that conjugation site influenced
masking efficiency (Fig. 3c or Suppl. S6¢c-e and Suppl. Table S5). For
most of the mutants the introduction of the Cys alone did not signifi-
cantly affect binding affinity. Two mutants had no measurable affinity;
these mutations were close to the N-terminus (L2) and in the scFv
framework (H69), probably impacting on translation or refolding
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(Suppl. Fig. S6¢). For the mutations on the linker (126 *), on the HCDR1
(H29) or close to it spatially (H85, Fig. 3a), no significant difference in
affinity was observed between masked and unmasked scFv (Suppl
Fig. S6d). For the three mutants L37, L85 and H82, a substantial increase
in the Kp of the PEGylated scFv was observed compared to the unmasked
mutant to different extents (Suppl. Fig. S6e). Although L85 and H82 are
outside the CDRs, mutating these positions decreased antigen binding.
Conversely, modification of L37, a serine on LCDR1 close to the anchor
point with the p-sheet scaffold, had no effect on the Kp. Moreover,
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conjugating the mask to L37 provided the largest shift in binding with
respect to the unmasked scFv [19,20]. Although the selected position
could be transferable to other antibodies, because LCDR1 is less
frequently involved in binding than other CDRs, screening of several
positions might be necessary to ensure maximal binding and masking
efficiency. Since L37 provided the tightest binding and largest masking
effect, we proceeded to investigate the masking efficiency of polymers of
different sizes conjugated to this position.

Three masking moieties, with molecular weights of 5, 10 and 30 kDa,
were conjugated to the scFv (Suppl. Fig. S7). It was observed that,
although the smaller masks already provided a certain degree of inac-
tivation, the masking capacity increased with size (Fig. 3d and Suppl.
Table S5). Interestingly, the 5 kDa zwitterionic peptide and the 10 kDa
PEG had a similar effect, around 6 and 4-fold inhibition respectively,
despite the latter being twice the size of the first. The chosen peptide
motif, [VPEKG]sg, is intrinsically unstructured [21], with paired anionic
and cationic residues for stealth and proline residues to partly decrease
the flexibility. The lower conformational flexibility of this zwitterionic
peptide might explain why a masking efficiency similar to that of a PEG
twice its size is achieved. Finally, the 30 kDa PEG resulted into a
reduction in affinity of 20 folds. This confirmed that the size and nature
of the masking moiety greatly affect the masking efficiency.

Development of a photo-activatable PEGylated scFv

After confirming that site-specific conjugation of a polymer to the
scFv paratope could be applied to mask the scFv binding its receptor, we
proceeded to demonstrate that binding could be rescued upon
unmasking. Light is an interesting activation stimulus because it enables
high temporal and spatial resolution. Moreover, it could be useful to
activate targeted therapies for dermatological malignancies [22,23], or
even for deeper malignancies by using fibre optic-coupled LED systems
[24]. In particular, UVA light at 365 nm has sufficient penetration for
the treatment of dermal and subdermal diseases [25]. To make the mask
responsive to light, a linker was designed, that bears a photocleavable
nitrobenzyl moiety that can be cleaved efficiently upon irradiation at
365 nm (Fig. 4a). The linker was synthetised via solid phase peptide
synthesis, with a Cys residue to conjugate it to a maleimide-bearing PEG
and an N-terminal Gly to stabilise the photolinker. Time-dependent
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cleavage of the synthetised photolinker was followed by UHPLC and
full cleavage was achieved after shining light at 365 nm for 2 h (Figs. 4b
and S8a).

The photolinker was conjugated to the 30 kDa mPEG-mal in solution,
followed by functionalisation of the N-terminal amine with maleimide.
Each step of the synthesis of the photo-cleavable mask was followed by
reverse-phase UHPLC and the product was purified by gel filtration
(Suppl. Fig. S8b-c). After purification, the mask was conjugated to the
L37 mutant, minimising light exposure, and its cleavage upon UV light
irradiation was evaluated by SDS-PAGE and WB analysis (Fig. 4c and
Suppl. Fig. S8d). The binding capability of the photo-sensitive masked-
scFv before and after shining light was assessed by flow cytometry on
CD133-transfected HeLa cells. Complete recovery of the binding affinity
was observed after only one hour irradiation with light at 365 nm
(Fig. 4d).

Development of a protease-activatable PEGylated scFv

Until now, few antibody masking methods have shown trans-
ferability across different stimuli, and these have been mostly designed
for diagnostic applications [3,26,27]. Aiming to show that our approach
can be readily adapted to other stimuli, a linker sensitive to proteolysis
was designed. Proteases are known to be overexpressed in many pa-
thologies, including autoimmune, cardiovascular, neurogenerative dis-
eases, as well as cancer. Many proteases have been exploited to ensure
selective activation of prodrugs at the diseased site, to improve speci-
ficity and reduce side effects. Matrix metalloproteases (MMPs) are
upregulated in the tumour microenvironment of several different cancer
types. In particular, MMP2 and MMP9 have been found in breast [28],
colorectal [29], brain [30] and lung [31] cancers among others. The
altered activity of MMPs has already been explored as an activation cue
for small molecule prodrugs [32,33], as well as in other approaches to
make conditionally-active antibodies [34,35].

To implement protease sensitivity in the mask design, a peptide was
synthetised with a sequence known to be cleaved by both MMP2 and
MMP9: GPLGIAGQ [36]. To enable conjugation of the peptide to the
PEG linker, a cysteine residue was added towards the C-terminus of the
cleavable sequence (Fig. 5a). Similarly to the photo-sensitive linker,
cleavage of the selected sequence was confirmed by reverse-phase
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Fig. 4. Engineering light sensitivity into the masked scFv. a) Sequence of the photo-labile linker. b) Disappearance of the peak of the synthetised photo-labile linker
over time upon irradiation at 365 nm, as analysed by reverse-phase UHPLC. Data for the whole cleavage analysis is represented in Fig. S8a. ¢) Coomassie-stained SDS-
PAGE gel showing cleavage of photo-sensitive PEG conjugated to L37 after irradiating with light at 365 nm. d) Binding of the scFv conjugated to photo-cleavable PEG
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representative of 3 independent experiments.
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PEG-scFv displays lower intensity because the retention on the blotting membrane of the PEG conjugate is lower than that of the scFv alone. d) Binding of the scFv
conjugated to the protease-cleavable PEG with and without incubation with activated MMP2, as assessed by flow cytometry. Filled area indicates the 95% confidence
interval for the fitted values. This set of data is representative of 2 independent experiments.

UHPLC. In our hands, the sequence was cleaved more efficiently by
MMP-2, so this enzyme was preferentially used for activation in the
subsequent experiments (Fig. 5b and Suppl. Fig. S9a-b). After conju-
gating the protease-sensitive linker to the 30 kDa mPEG-mal in solution,
the N-terminus of the peptide was functionalised with a maleimide to
enable conjugation with the free Cys on the mutant scFv.

The protease-sensitive PEG linker was conjugated to the L37 scFv
mutant and its cleavage by MMP2 was confirmed by WB analysis
(Fig. 5¢). Binding to HeLa cells overexpressing CD133 was signi-
ficatively hindered by the mask and, after 1 h incubation in vitro with
the catalytic domain of MMP2, the affinity was completely recovered
(Fig. 5d).

Conclusions

In this work, a new versatile approach to generate conditionally-
active antibodies is proposed. The strategy relies on site-specific
conjugation of reversible polymer masks to the antibody paratope to
decrease binding to the antigen. The selection of an optimal conjugation
site enables modulation of the masking efficiency with relation to the
size of the mask. Moreover, it is shown that, in the presence of specific
stimuli, the binding capacity can be rescued. Compared to previously
reported strategies, the chemogenetic approach here presented allows
readily implementing responsiveness to different stimuli. As a proof of
concept, photo- and protease-cleavable masking moieties are utilised.
Moreover, since this method only requires an engineered cysteine on the
paratope, it has the potential of being applied to different antibody
formats and specificities. With this approach, we are one step closer to
devising a generalisable masking strategy to develop conditionally-
active biotherapeutics.
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