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Design and development of masked therapeutic
antibodies to limit off-target effects
Application to anti-EGFR antibodies
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Abbreviations: EGFR, epidermal growth factor receptor; MAb, monoclonal antibody; scFv, single chain Fv fragment; CDR, comple-
mentarity determining region; MMP-9, matrix metalloprotease-9; 425, murine anti-EGFR antibody; C225, chimeric anti-EGFR
antibody; SPR, surface plasmon resonance; FACS, fluorescence activated cell sorting

Therapeutic antibodies frequently cause side effects by binding antigen in non-target tissues. Here we demonstrate a novel
molecular design of antibodies that addresses this problem by reversibly “masking” antibody complementarity determining
regions until they reach diseased tissues containing disease-associated proteases. Specifically, two distinct single-chain Fv
(scFv) fragments derived from antibodies against the epidermal growth factor receptor (cetuximab and 425) were fused a
protease susceptible linker to their epitopes, which were engineered to encourage intermolecular association. Surface plas-
mon resonance and flow cytometry were used to confirm that the masked complex poorly interacts with native antigen,
whereas protease treatment restores antigen recognition. Minimally, the “masked” scFvs possesses an eight-fold lower as-
sociation with the epitope compared with the individual scFvs unmasked by proteolytic cleavage. This molecular design may
have general utility for targeted release of therapeutic antibodies at disease sites.

Introduction

Monoclonal antibodies (mAbs) are increasingly being used in the
clinical management of diverse disease states, including cancer.!
These ‘targeted agents’ generally cause fewer severe side effects
than traditional chemotherapy. However, adverse events have been
described for many antibody therapeutics due to inadvertent anti-
gen recognition in normal tissues. In the case of epidermal growth
factor receptor (EGFR) antagonistic mAbs, dose-limiting toxici-
ties are thought to be due to engagement of the receptor by the
therapeutic antibody in normal tissues (reviewed in refs. 2 and 3).

The Erb tyrosine kinase family includes four members, of
which EGFR and ErbB2/Her2 are frequently deregulated in solid
tumors and are significant interest as therapeutic targets. MAbs to
both antigens are used to treat various epithelial cancers. However,
EGFR antagonistic mAbs, including cetuximab,’ matuzumab,’
and the fully human panitumumab,®” can cause dose-limiting
adverse events affecting primarily the skin and gastrointestinal
system.® A similar side effect profile is observed for small molecule
inhibitors of the EGFR kinase.’

To address this problem, we have developed and tested a new

design to create antibody prodrugs (Fig. 1). It is based on reversible
occlusion of the antigen recognition sites of mAbs through fusion
with recombinant antigen fragments via a flexible linker that can
be cleaved by tumor-associated proteases including MMP-9. In
the tumor microenvironment, such occluded mAbs can be ‘acti-
vated’ by severing the linker and releasing the tethered antigenic
epitope. We propose that these occluded antibodies be termed
‘masked’ and their activated counterparts ‘unmasked.” This design
was tested using two EGFR antagonistic antibodies.

Results and Discussion

Masked anti-EGFR antibody fragments were generated by clon-
ing mutated domain III of the soluble EGFR (sEGFRAJIII)
N-terminus to a cleavable linker followed by single chain vari-
able fragment (scFv) versions of the anti-EGFR antibodies matu-
zumab (mAb425 or 425) and cetuximab (mAbC225 or C225)
(Fig. 2A). The mutations in each construct were designed to
reduce the affinity for the attached antibody and, thus, facilitate
dissociation after linker cleavage. Constructs were produced with-
out point mutations as well. To enable proteolytic cleavage, we
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Figure I. Antibody prodrug concept. (A) For proof-of-principle, EGFR
domain Ill was fused to an scFv of C225 and of 425. Point mutations in
EGFR domain Il favor a heterodimer. In the tumor, protease cleavage is
expected to release the epitope, enabling binding of the antibody to its
native. (B) Schematic view of the overall design to generate IgGs that are
masked and do not bind antigen in normal tissues. Cross-masking permits
the simultaneous delivery of two antibodies that synergize or target two
separate tumor-associated antigens.

included a metalloprotease 9 (MMP-9) substrate cleavage site in
the linker, VPLSLYS.!"* MMP-9 is frequently overexpressed in epi-
thelial malignancies in which EGFR blockade may have therapeu-
tic benefit.!'"??

To address potential geometric problems of epitope associa-
tion with the scFv and taking into 34.7 consideration that affinity
decreases as a function of linker length,' we designed a linker that
was significantly longer than the minimal required distance. The
serine-glycine rich linker consists of 12 and 19 residues flanking
an MMP-9 sequence, producing an end-to-end length of approxi-
mately 133 A. Crystal structures revealed that the distance between
the C-terminus of sSEGFRJIII and the N-terminus of the antibody
light chains is >35.1 A for C225," and >34.7 A for 425.1¢

The masked scFvs were produced as proteins secreted by insect
cells infected with baculovirus and were purified by Ni-affinity
and size exclusion chromatography (supporting data). Secreted
masked mAbC225 scFv preparations linked to EGFRAIII with-
out mutations contained a mixture of the expected length and
digested fragments (data not shown). Analytical size exclusion
chromatography (SEC) of the purified material indicated a dimeric
molecular species, but no monomeric or oligomeric species (sup-
porting data). Treatment of the purified material with MMP-9
and analysis by SEC indicated that the homodimeric complex
was cleaved. In addition, SDS-PAGE of the protease-treated,
homodimeric complex indicated that MMP-9 cleavage was spe-
cific, producing two bands of the predicted molecular weight and
no cleavage of the individual domains or the scFv linker outside
the intended MMP-9 site. Together, this suggests that the linker
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likely interferes with the intramolecular association of the epitope
to the scFv (e.g., a single masked species), potentially reflecting a
combination of steric clashes and an entropic penalty. These data
nonetheless provide evidence that it is possible to reversibly mask
the complement-determining region (CDR) of antibodies.

Since we observed a dimeric interaction, we further consid-
ered the possibility of creating a heterodimeric or crossed-masked
design to simultaneously deliver two therapeutic antibodies to the
tumor site. The utility of such a design is justified by recent stud-
ies in which we showed that the combination of C225 and 425
acted synergistically to inhibit EGF-stimulated cell growth and
survival of breast cancer cells, and was more effective in eliciting
complement-dependent tumor cell lysis than other combinations
of anti-EGFR antibodies with C225." To favor assembly of ‘cross-
masked’ 425/C225 complexes, wherein the mask linked to C225
scFv binds to 425 scFv and vice versa, we altered the native epitopes
by introducing point mutations that diminished intramolecular
affinity but not intermolecular complex formation. Hexahistidine
and FLAG tags facilitated purification and detection. Purification
by affinity and SEC of the masked 425 and C225 scFvs yielded
undigested material of greater than 95% purity (Fig. 2C). Despite
the multivalent nature of the constructs, SEC did not reveal the
presence of aggregates. Upon mixing, the masked 425 and masked
C225 scFvs formed the expected dimeric, non-covalent 425/C225
scFv complexes, which eluted from a size exclusion column as a
symmetric peak consistent with the calculated molecular mass of
106 kDa (Fig. 2B). As expected, addition of recombinant active
MMP-9 led to complete cleavage of both antibody derivatives
into the mask and scFv proteins (Fig. 2C). This was observed for
both monomeric and dimeric molecular species.

The affinity of masked antibodies for immobilized sSEGFRAIII
was determined using surface plasmon resonance (SPR) analysis.
F(ab)’ fragments of the parental antibodies mAb425 and mAbC225
were used as controls to verify the immobilization and stability of
the sSEGFRJAIII over multiple analytical cycles. The affinities of
F(ab)’ 425 and C225 were 91 + 23 and 5.3 + 0.6 nM, respectively
(Table 1), consistent with previous work.” As anticipated, the
scFv constructs bound with weaker affinities of 260 + 40 and 110
+ 20 nM, respectively. We next measured antigen recognition by
the masked antibodies as monomers or as a heterodimers prior to
and after MMP-9 exposure. Upon mixing the CDRs of the cross-
masked 425/C225 scFvs were effectively occluded, as shown by
weak binding to sEGFRJIIL, and treatment of the cross-masked
425/C225 complex with MMP-9 increased binding affinity by
approximately an order of magnitude. Representative traces for
cross-masked and individually masked scFvs are shown at 1 uM
(Fig. 3A, blue) and 100 nM (Fig. 3A, yellow). Specifically, in the
absence of MMP-9, the affinity for sSEGFRJIII was 3.5 + 1.1 uM,
but after MMP-9 exposure, the affinity increased to 420 + 270
nM. It is important to note that this increase represents a lower
limit because the mask in this assay cannot diffuse and, therefore,
competes with the immobilized antigen at a concentration equal
to the antibody. As detailed below, the initial presence of the
mask after MMP-9 cleavage at the tumor site should be a lesser
concern. Single species masked C225 scFv and masked 425 scFv
exhibited no change in affinity upon MMP-9 cleavage, consistent
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with the view that the point mutations engineered into
the masks or linkers effectively preclude self-association
(Fig. 3B and C).

To measure differential association in the context of
EGFR expressed on target cell surfaces, we also tested
cross-masked 425/C225 antibody binding to keratino-
cyte-derived HaCaT cells that express EGFR. Binding
was detected by flow cytometry using an AlexaFluor-
labeled anti-FLAG antibody. The antibody only detected
the 425 scFv because the C225 scFv lacked a FLAG
tag. The cross-masked 425/C225 had low affinity for
the HaCaT cells (Fig. 4A, red), whereas cleavage of the
antibody derivatives with MMP-9 markedly enhanced
their binding (Fig. 4A, green). Binding of the digested
cross-masked 425/C225 scFvs was comparable to that of
the 425 scFv alone (Fig. 4A, purple), indicating that the
N-terminal extension remaining after digestion does not
compromise binding. Finally, we noted that the mask-
ing is not absolute, as a small fraction of the antibody
was bound before MMP-9 digestion as compared to
the secondary alone (Fig. 4A, yellow). In contrast, the
association of masked 425 with HaCaT cells showed
little dependence on MMP-9 digestion (Fig. 4B). This
is consistent with the SPR results and confirms that the
intramolecular mask does not occlude the 425 antigen
binding sites. Further studies will be required to estab-
lish that this change in affinity will be clinically relevant.
However, previous research indicates that only a 3-fold
change in affinity can reduce the occurrence of side effects
by a third."® Further reducing affinity by 320-fold results
in a minimum occurrence of side effects. Currently, the
masking effect demonstrated here falls between these
values and may be further enhanced through valency.

Collectively, these initial design strategies provide
clear evidence that masking the antigen binding site and
activation through a tumor-associated protease is feasi-
ble and may represent a viable means to reduce off-target
effects of therapeutic mAbs. These results also highlight a
path towards further improvement of biological function
that will depend on masking native, bivalent antibodies.
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Figure 2. Design, production and characterization of cross-masked 425/C225 scFvs.
(A) Topology of masked scFv constructs, indicating point mutations in EGFRdIIl for
either mask.The linker sequence used in both constructs is shown in bold. (B) By size
exclusion chromatography, the individual masked scFvs are monomeric, whereas the
admixture of C225 and 425 cross-masked scFv is consistent with a heterodimeric
complex. (C) Specific cleavage of cross-masked heterodimeric scFvs and individual
masked scFvs by MMP-9, as determined by SDS-PAGE.

Monovalent constructs, such as Fabs and scFv, lack sufficient bio-

logical efficacy against tumor xenografts and cultured cells.’** By
contrast, native bivalent antibodies can not only activate immune
mechanisms, including antibody-dependent cell-mediated cyto-
toxicity (ADCC) and complement-dependent cytotoxity (CDC)?*!
but also exert anti-tumor effects by downregulating EGFR.*
Additionally, bivalency is expected to improve the masking effect.
First, overall affinity for the tumor-associated antigen is increased
because of energy additivity. As a point of comparison, note that
in Figure 3B the bivalent IgG 425 (blue) binds with much greater
affinity than the monovalent scFv (purple). Secomd, in a biva-
lent format, the cleaved masking antigens, which are monomeric,
compete poorly with tumor-derived EGFR for the unmasked
antibody, as the bivalent interaction with cells should be favored
over the monovalent mask interactions. Thus, the cleaved antigen

Table 1. Affinity (K,/D,,) of antibody fragments

is free to diffuse away from the tumor site, which favors a higher

www.landesbioscience.com
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Antibody Dissociation constant/D50%* Ratio
fragments : (nM) :
(-) MMP-9 (+) MMP-9
Cross-masked 425/ 3500 + 1100 420 + 270 826 +592 1T
C225 :
Masked 425 240 + 100 370 £ 110 0.66 + 0.34
Masked C225 560 * 800 570 + 770 0.99 £ 1.93
scFv 425 260 + 40 2.87 £ 0.83
Fab 425 91 £23
scFv C225 110 +20 215 %47
Fab C225 53+06
*n = 3.195% Confidence interval excludes |
2147
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Figure 3. Binding analysis of cross-masked 425/C225 scFvs. (A) Surface
plasmon resonance analysis (SPR) of cross-masked 425/C225 binding at |
uM (blue) and 100 nM (yellow) to immobilized sEGFRdIIl before and after
MMP-9 digestion (indicated by arrow). (B) Control SPR of masked 425 at
I uM (blue) and 100 nM (yellow). (C) Control SPR of masked C225 | uM
(blue) and 100 nM (yellow).

apparent affinity for the antibody than in these experiments.
Third, assuming no new constraints, the occlusion of the anti-
body binding sites should improve (e.g., in the IgG format, the
masking will be tetravalent), further reducing off-target binding.
Importantly, the gain in affinity in the tetravalent format will per-
mit the inclusion of additional mutations in the mask to further
enhance the dissociation rate of the masks upon protease cleavage.
We recognize that the size of the di-IgG may impede diffusion
into solid tumor, yet larger protein-derived therapeutics have been
used for cancer therapy in vivo. For example, therapeutic IgM and
IgA antibodies have been effective in preclinical mouse models
of solid tumors.?** Another concern is the possibility that high
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molecular weight aggregates may form. However, thus far we have
not observed any such aggregates, despite the potential for aggre-
gation inherent in our current design. Finally, further improve-
ments in the linker design, the affinities of the scFvs used, and
potentially using other masking moieties such as mimetoes may
all improve the design principle introduced in this report.” We are
currently generating multivalent masked IgGs rather than scFvs
to study the effects of masking on anti-tumor effects in human
xenotransplants in mice.

Although these proof-of-principle design efforts were focused
on EGFR mAbs, we anticipate that the design strategy will be
broadly applicable to other mAbs and/or combinations used to
treat cancer and chronic inflammatory processes.

Methods

Cloning and protein expression. Domain III of the soluble
epidermal growth factor receptor (sSEGFRAIII, comprising resi-
dues 310-512) was cloned into pAcSG2 behind the human EGFR
secretion signal sequence. A flexible glycine-serine rich linker was
added containing the matrix metalloproteinase 9 (MMP-9) con-
sensus protease site (VPLSLYS) followed by a single chain variable
region (scFv) anti-EGFR antibody. Point mutations were intro-
duced into sEGFRAIII corresponding to the epitope recognized by
the attached antibody. The antibody fusions were also produced
without the mutations. The full linker sequence is (GGG SGG
GSG GGS VPL SLY SGS TSG SGK SSE GSG SGA QG). Both
scFv constructs of C225 and 425 were assembled VL-linker-VH.
C-terminal FLAG (425 only) and hexahistadine tags (C225 and
425) were also added. These vectors were mixed with linearized
baculovirus DNA (BD Biosciences), transfected and expanded
for three rounds before confirming viral titers. Large-scale expres-
sion (5L) was conducted in suspension culture. The medium was
separated from cellular material and filtered against purification
buffer as described previously.?® Protein purification was accom-
plished using a nickel-NTA column followed by a HiLoad 26/60
Superdex 200 preparative column (Amersham).

Assembly and digestion of antibody derivatives. Purified
masked 425 [sEGFRAIII (S460P/G461N)-scFv425] and masked
C225 [sEGFRAII (Q384A/Q408M/H409E)-scFv  C225]
were allowed to associate for 20 min at 4°C and then loaded
onto a Superdex 200 10/300 GL. Fractions corresponding to
the cross-masked reagent were concentrated using a Centricon
Spin Concentrator (10 kDa, Millipore). This material was then
exchanged 4 times into 2 volumes of reaction buffer: 50 mM
Tris, pH 7.4, 150 mM NaCl, 5 mM CaCl,, 0.02% Nonidet
P-40 substitute.”” Active, recombinant MMP-9 (Calbiochem)
was incubated with the cross-masked 425/C225 or monomeric
masked scFvs at a molar ratio of 1:42. As assessed by reducing
SDS-PAGE and Coomassie staining, the reaction was at least 95%
complete. Samples were immediately frozen at -20°C until needed
for experiments. The same digestion protocol was used to digest
purified masked C225 [sEGFRdIII-scFv C225] before analysis on
a Superdex 200 10/300 GL column.

SPR Analysis. Binding experiments were performed on a
BIAcore T100 instrument at 25°C in HBS-EP buffer (10 mM

Volume 8 Issue 22
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Figure 4. (A) FACS analysis of scFv binding reveals that after MMP-9 digestion the cross-masked 425/C225 (green) binds to HaCaT cells as well as the na-
tive 425 scFvs (dark blue). IgG 425 binding (light blue) confirms EGFR expression. Cell count (right axis) is for the scFv425.All others are normalized counts.
(B) FACS analysis of masked 425 binding showing that binding lacks any dependence on MMP-9 activation.

HEPES, 150 mM NaCl, 3 mM EDTA, pH 8.0 and 0.005%
Tween 20). Immobilization was accomplished using standard
amine coupling to a CM5 chip. Blank immobilization was used
for the reference cell. sSEGFR domain III was applied at 50 pg/
mL in acetate buffer, pH 5.5, for a target of 5,000 response units
(3310 RU final). Bioactivity of the chip was confirmed by steady
state binding of Fab225 at 30 uL/min. All other analyses were
conducted at the same flow rate. Binding was assessed at 1 uM,
100 nM, 50 nM, 25 nM, 12.5 nM and 6.25 nM. The association
phase was 380 seconds and dissociation 300 seconds. Regeneration
was accomplished using 30 uL of 100 mM glycine, pH 3.0, at a
flow rate of 90 uL/min. Steady state measurements were fit to
the expression RU = (R * [])/([ ] + K ). Each dissociation con-
stant was determined at least three times. The bioactivity of the
chip gradually declined over time as a result of the regeneration
conditions. However, minimal variation within a run permitted
analysis.

FACS Analysis. Flow cytometric analyses were carried out
using mAb425 and anti-FLAG (clone M2, Sigma) amine-conju-
gated to Alexa Fluor 488 according to the manufacturer’s protocol
(Molecular Probes). Between 6-8 Alexa 488 molecules were bound
per antibody, as estimated by measuring the optical density at 280
nm and 494 nm. For FACS analysis, HaCaT cells were detached

with trypsin/EDTA. The trypsin was inactivated with DMEM/
FBS, and the cells were collected and resuspended in wash buf-
fer (1X PBS containing 1% BSA). Approximately 1,000,000 cells
were incubated at 4°C in 50 ul of digested and undigested cross-
masked 425/C225, as indicated. After 45 min of incubation, cells
were washed twice with wash buffer and incubated for 20 min
with the ant-FLAG secondary antibody or mAb425. Samples
were analyzed on a FACSCalibur (BD Biosciences). The specific-
ity of scFv 425 binding was confirmed by pre-incubation with
unlabeled mAb425 (data not shown). Also, as expected, scFv
C225 binding to HaCaT cells was not detected using anti-FLAG
antibodies as scFv C225 did not contain a FLAG tag (data not
shown).
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