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Antibody–drug conjugates (ADCs) are a growing class of thera-

peutics that harness the specificity of antibodies and the cell-
killing potency of small-molecule drugs. Beyond cytotoxics,

there are few examples of the application of an ADC approach
to difficult drug discovery targets. Here, we present the initial

development of a non-internalising ADC, with a view to selec-

tively inhibiting an extracellular protein. Employing the well-
investigated matrix metalloproteinase-9 (MMP-9) as our model,

we adapted a broad-spectrum, nonselective MMP inhibitor for
conjugation and linked this to a MMP-9-targeting antibody.

The resulting ADC fully inhibits MMP-9, and ELISA results sug-
gest antibody targeting can direct a nonselective inhibitor.

Current clinical antibody–drug conjugates (ADCs) combine the
high specificity and long circulating half-life of an antibody

with the cell-killing potency of a small-molecule payload to
generate a targeted chemotherapeutic.[1] Designed to improve

the therapeutic index of cytotoxic agents, two distinct mecha-
nistic classes of payload have most often been conjugated to

monoclonal antibodies ; microtubule inhibitors (e.g. , maytan-

sines, auristatins) and DNA-modifying agents (e.g. , calcheami-
cins, PBD dimers, duocarmycins).[2–6] Currently, there are four

ADCs on the market and over 65 in clinical evaluation; howev-
er, there are limited examples of ADCs employing non-cytotox-

ic small molecules.[7–14] As part of a growing interest in the
field of targeted delivery of small molecules, we began to ex-
plore a novel application of the ADC approach to the selective

inhibition of an extracellular protein. Using matrix metallopro-
teinase-9 (MMP-9, also known as gelatinase B) as our model,
we conjugated a broad-spectrum MMP inhibitor to a selective
MMP-9 antibody.

MMPs are a family of structurally related zinc-binding pro-
teolytic enzymes.[15] Individual MMPs are promising drug tar-

gets; many diseases, including cancer, inflammation, and vas-

cular disease, are associated with altered MMP expression and
aberrant proteolysis.[16–19] Significant drug discovery effort has

been invested into generating small-molecule MMP inhibitors
that target the active-site zinc in the catalytic domain. Despite

the investigation of more than 50 of these inhibitors in clinical

trials, efforts with first-generation compounds were hampered
either by dose-limiting toxicity or insufficient clinical benefit.[20]

One explanation for this failure is the high degree of sequence
and structural similarity in the catalytic domain of MMPs,

which results in broad-spectrum, nonspecific inhibitors, al-
though more selective next-generation compounds are now

beginning to appear.[18] Monoclonal antibodies selective for

specific MMPs have been successfully generated.[21] However,
as these targeting antibodies interact with surface loops rather

than the active site, they often lack sufficient functional poten-
cy.

We describe herein a new approach towards the selective in-
hibition of MMPs, specifically MMP-9, through combining the

specificity and high affinity of an antibody with the potency of

a small-molecule inhibitor. MMP-9 shows particular promise as
a therapeutic target, having been associated with a number of

pathological processes that contribute to tumorigenesis, meta-
stasis and chronic inflammation.[22, 23] As a result, MMP-9 is per-

haps the best investigated of the MMPs and thus provides a
valuable model to begin exploring the application of an ADC
to retarget a nonselective inhibitor.

To investigate our ADC approach, we needed to adapt a
broad-spectrum MMP inhibitor for conjugation. Many MMP in-
hibitors are hydroxamate based; the hydroxamic acid motif co-
ordinates the active-site zinc ion in a bidentate fashion to gen-

erate inhibitors with high affinity but poor MMP selectivity.[24]

One such inhibitor is CGS27023A (Figure 1 A), which was origi-

nally discovered as an orally active MMP-3 inhibitor. It was
soon demonstrated to be a potent inhibitor of many MMP
family members, including MMPs 9 and 2.[25, 26] The crystal

structure of CGS27023A in complex with the MMP-12 catalytic
domain has been successfully resolved.[26] This reveals the pyri-

dine ring of the inhibitor to be relatively solvent exposed, thus
potentially providing a site for linker derivatisation. In fact,

there is literature precedent for the PEGylation of CGS27023A

through a benzyl derivative.[27] Consequently, we opted to
design and synthesise CGS27023A–linker derivatives for conju-

gation to a monoclonal antibody.
To install a linker for conjugation, we replaced the pyridine

ring of CGS27023A with an aniline, exploring both the 3- and
4-positions initially to determine if there was an impact on in-
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hibitor potency (Schemes S1 and S2 in the Supporting Informa-
tion). Both anilines were subsequently coupled to maleimide

hexanoic acid to provide a handle for cysteine conjugation,
thus generating linker derivatives 1 and 2 (Figure 1 A).

CGS27023A and linker compounds 1 and 2 were tested in a

fluorometric biochemical assay against MMP-9 by using the
SensoLyte 520 MMP-9 assay kit (AnaSpec). This indicated no

loss in potency at MMP-9 (Figure 1 B). Furthermore, 1 and 2
displayed potent inhibition of the most closely related pro-

tease, MMP-2 (also known as gelatinase A), thereby confirming
that the broad-spectrum behaviour of this compound was

maintained (Figure S1). We chose to move forward with

CGS27023A derivative 2 as more material was available.
In addition to adapting a broad-spectrum inhibitor for con-

jugation, we required an antibody that specifically binds to
MMP-9 with high affinity. Ideally this antibody would target an
epitope near to, but distinct from, the zinc-binding site, there-
by leaving the site free for occupation by a small-molecule in-
hibitor. One of the earliest anti-MMP-9 antibodies reported was

REGA-3G12, a mouse monoclonal generated by hybridoma
technology against the human MMP-9 catalytic domain.[28] This

antibody is reported to be highly selective for MMP-9 and to
recognise Trp116–Lys214, a region of the catalytic domain sep-

arate from the zinc-binding site.[29] This suggested that REGA-
3G12 might be suitable for selective delivery of a small-mole-

cule inhibitor to MMP-9.

In view of our intention to conjugate REGA-3G12 to a small
molecule through its interchain disulfides, we generated the

antibody in chimeric IgG1 format, thus providing a maximum
of eight sites for conjugation as opposed to the ten found in

mouse IgG1. Transient expression of REGA-3G12 in Expi293F
cells and purification by protein A and size-exclusion chroma-

tography resulted in a final yield of 51 mg L@1. Analysis of the
antibody by SDS-PAGE demonstrated it to be pure (>95 %),

and high-resolution Orbitrap mass spectrometry enabled se-
quence matching to the observed molecular weight (Figure

S2). Next, it was imperative to determine the affinity of REGA-

3G12 for MMP-9, as the principle of our retargeting ADC ap-
proach relies upon strong antibody binding driving selectivity.

We measured the affinity (KD) of REGA-3G12 for the human
MMP-9 catalytic domain by using biolayer interferometry (BLI).

Briefly, the antibody was captured on protein G sensors, and
its binding to human catalytic MMP-9 was analysed by using a
twofold dilution series with a top concentration of 12.5 nm.

REGA-3G12 was found to have very high affinity (KD = 97.4 pm),
displaying the ideal antibody-binding kinetics of a fast on-rate
and slow off-rate (Figures 2 A and S3). To confirm the selectivity
of REGA-3G12, we tested binding to MMP-2, which shares 78 %

sequence identity in the catalytic domain. Pleasingly, no bind-
ing to MMP-2 was observed by BLI or ELISA (Figures 2 B and

S4).

Having confirmed the binding selectivity of REGA-3G12 for
MMP-9, it was next tested for activity in the fluorometric assay.

Despite the high affinity of REGA-3G12, it displayed very weak
inhibition of MMP-9 activity (Figure 2 C). Consequently, potency

changes after small-molecule inhibitor conjugation could be
readily observed.

Prior to generating antibody–drug conjugates, we confirmed

whether the CGS27023A payload could inhibit MMP-9 in the
presence of REGA-3G12. We compared the inhibition of MMP-9

by REGA-3G12, small molecule 2 and a mixed sample mimick-
ing an ADC with a drug-to-antibody ratio (DAR) of 4 (Figure 3).

In the fluorometric assay, REGA-3G12 alone behaved as a
weak, partial inhibitor of MMP-9, as observed previously. When

Figure 1. CGS27023A and its derivatives inhibit MMP-9 activity. A) Structure of CGS27023A and two linker derivatives 1 and 2. B) Inhibition of human catalytic
MMP-9 activity by *: CGS27023A, &: 1 and *: 2 in the SensoLyte fluorometric assay. Data were normalised to the MMP-9-alone control and are expressed as
means:SEM for three independent experiments.
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mixed with 2 as a unconjugated DAR = 4 mimic, full inhibition
of MMP-9 was achieved and the potency of the small molecule
was well maintained (IC50 = 7.8:1.2 nm). This confirmed the
possibility that REGA-3G12 and 2 could bind simultaneously at

MMP-9.
Having successfully demonstrated the simultaneous binding

of antibody and small molecule, we constructed the ADC. For
conjugation, REGA-3G12 was immobilised on protein A beads
and reduced with the mild reducing agent tris(2-carboxyethyl)-

phosphine hydrochloride (TCEP). Following simultaneous re-
moval of TCEP and buffer exchange to give conditions suitable

for maintaining the reduced antibody (PBS, 5 mm EDTA,
pH 7.4), 4.4 or 8.8 equivalents of 2 were added to yield conju-

gates of average DARs of 4 and 8, respectively, as determined

by LCMS (Figures S5 and S6). Solid-phase conjugation was
found to be necessary to completely remove all of the potent,

unconjugated small molecule by using repeated PBS + 10 %
DMA washes. Alternative purification methods usually em-

ployed after solution-phase conjugation (e.g. , gel filtration,
ultracentrifugation) were found to be inadequate. The conju-

gates were subsequently tested by ELISA, which confirmed
that binding of the antibody was maintained after conjugation

(Figure S7).
Next, we examined the activity of the ADCs in the fluoro-

metric assay. Both DAR = 4 and DAR = 8 ADCs fully inhibited

MMP-9 with an acceptable level of potency, and no significant
change in potency was observed upon increasing the DAR

from 4 to 8 (IC50 = 22:6.5 and 15.7:9.8 nm, respectively;
Figure 3). This result provided excellent promise for our ADC

approach, demonstrating that both antibody and small mole-
cule could maintain binding to MMP-9 as part of an ADC.

This ADC approach to selective inhibition is driven by the

theory that superior antibody-binding kinetics would drive
selectivity. To examine this, we developed an ELISA to indicate
whether ADC binding is driven by the antibody or the small
molecule. For this, two ADCs were compared; REGA-3G12 and

an isotype control hIgG1, both conjugated to 2.
First, 384-well plates were coated with human catalytic

MMP-9 or the closely related human MMP-2, and conjugates of
either REGA-3G12 or nonbinding isotype control were added.
Subsequent wash-off and incubation with anti-human Fc

horseradish peroxidase would therefore only lead to a signal if
either ADC was still present, thus demonstrating whether the

broad-spectrum small-molecule inhibitor alone could drive
binding of an ADC at either MMP-9 or MMP-2. At MMP-9, bind-

ing curves were observed only for REGA-3G12 alone and its

conjugate with 2 (Figure 4 A). However, no signal was observed
for the isotype control ADC. Furthermore, at MMP-2 no read

out was observed for either ADC. This result suggests that anti-
body-binding kinetics could drive ADC selectivity, as no bind-

ing of our REGA-3G12 ADC was observed at MMP-2 (Fig-
ure 4 B). Following this result, we endeavoured to compare the

Figure 2. REGA-3G12 specifically binds MMP-9 and displays weak inhibitory
activity A) BLI-derived KD (97.4:1.0 pm) determined for REGA-3G12 binding
to the human MMP-9 catalytic domain. For the BLI curves and KD fitting
curves, see Figure S3. B) BLI analysis of REGA-3G12 with human MMP-2.
C) Inhibition of human catalytic MMP-9 activity by REGA-3G12 in the Senso-
Lyte fluorometric assay; IC50 = 265:63.8 nm. Data were normalised to the
MMP-9-alone controls and are expressed as means:SEM for three inde-
pendent experiments.

Figure 3. REGA-3G12 and 2 can inhibit MMP-9 activity simultaneously. Com-
plete inhibition of MMP-9 activity is seen when REGA-3G12 is conjugated to
2. Inhibition of human catalytic MMP-9 activity by &: REGA-3G12, *: com-
pound 2, ~: REGA-3G12 + 2 mixture (an unconjugated DAR 4 mimic) and
REGA-3G12 + 2 conjugates with a DAR of !: 4 and ^: 8 in the SensoLyte flu-
orometric assay. Data were normalised to the MMP-9 alone control and are
expressed as means:SEM for three independent experiments.
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impact of conjugation on the binding affinity of compound 2
at MMP-9 and -2 by using surface plasmon resonance (SPR).

Unfortunately, these efforts were without success. We were
unable to determine the binding affinity of compound 2, and,

to the best of our knowledge, no binding affinity for

CGS27023A is reported in the literature, neither are conditions
for SPR analysis of inhibitors at MMP-9 or -2.

In summary, we have presented the first example of an ADC
targeting an extracellular protein in which both the antibody

and small molecule bind to the same target, with the aim of
imparting selectivity to a nonselective, broad-spectrum inhibi-

tor. This ADC was designed for MMP-9, an attractive therapeu-

tic target for which the progress of small-molecule inhibitors
has previously been hampered by lack of selectivity. The anti-

MMP-9 antibody REGA-3G12 was identified and successfully
demonstrated to fit the binding selectivity and kinetics require-
ments for our ADC model. The nonselective MMP inhibitor
CGS27023A was effectively adapted for cysteine conjugation
to an antibody with maintained potency at MMP-9 and the

closely related MMP-2. The resulting ADC displayed potent
inhibition of MMP-9, and we successfully developed an ELISA
that encouragingly suggested that selectivity for MMP-9 over
MMP-2 in vitro is possible. This also validated the hypothesis
that a suitable antibody can drive the binding of an ADC and
provide a basis for retargeting a nonselective small-molecule
inhibitor. This early work therefore suggests that such an ADC

approach could provide a selectivity solution for difficult drug-
discovery targets. We shall report on the further development
of this ADC approach to additional targets in due course.

Experimental Section

Details of all synthetic procedures, characterisation data for new
compounds, protein expression and characterisation, conjugation
and assay protocols are given in the Supporting Information.
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