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Non-internalising antibody—drug conjugates

Nicola Ashman, €22 Jonathan D. Bargh {2 and David R. Spring {2 *2

Antibody-drug conjugates (ADCs) typically require internalisation into cancer cells to release their cyto-
toxic payload. However, this places stringent constraints on therapeutic development, requiring cancer
targets that have high expression of internalising antigens and efficient intracellular processing. An alter-
native approach is emerging whereby the payloads can be released extracellularly from cleavable linkers
upon binding to poorly-internalising antigens or other tumoral components. This removes the reliance
on high antigen expression, avoids potentially inefficient internalisation, and can greatly expand the
range of cancer targets to components of the extracellular tumour matrix. This review gives an overview
of recent developments towards non-internalising ADCs, including emerging cancer-associated cell
surface and extracellular proteins, cancer stromal targeting and the linking chemistry that enables

rsc.li/chem-soc-rev extracellular payload release.

Introduction

Antibody-drug conjugates (ADCs) are a class of oncology ther-
apeutics that provide targeted drug delivery by conjugation to a
highly specific monoclonal antibody (mAb - synthetic antibodies
derived from identical cells) (Fig. 1). This approach combines the
targeting ability of antibodies with the cytotoxicity of small-
molecule drugs. Its success is reflected in the FDA approval of
12 ADCs to date, with over 80 ADCs in active clinical trials." This
review focuses on ADCs that do not require internalisation for
efficacy, unlike the typical mechanism of action of ADCs.
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Mechanism of action

ADCs are usually designed to function via an internalising
mechanism of action: after antibody binding to the target
antigen on the cancer cell, the ADC is internalised by endocy-
tosis and then degraded in the lysosome to release the cytotoxic
payload (Fig. 2A). If the payload is suitably membrane-
permeable, it can diffuse out of the cell in which it was released
and into surrounding “bystander” cancer cells, which may or
may not express the target antigen (termed the bystander
effect). Whilst this approach has been successful, (indeed all
currently FDA approved ADCs utilise internalising antibodies),
it does suffer from limitations such as the reliance on the
overexpression of internalising antigens, which is not a feature
of many tumours. Additionally, antibodies are large proteins and
thus have limited tumour penetration due to slow diffusion.
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Key learning points
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(1) Internalising antibody-drug conjugates are limited by poor solid tumour penetration, lack of suitable internalising antigen targets and acquired resistance

mechanisms.

(2) Non-internalising antibody-drug conjugates can release their payload extracellularly due to extracellular linker cleavage, overcoming issues with inefficient

internalisation or internalisation related resistance mechanisms.

(3) The chemistry of the ADC linker is essential in imparting stability and selectivity of payload release, determining whether a non-internalising mechanism of

action is possible.

(4) Many ADC linkers thought to require internalisation for cleavage and payload release can be cleaved extracellularly.
(5) There are a multitude of extracellular markers of cancer, and non-internalising cancer associated antigens which can be targeted by non-internalising ADCs.

Another emerging approach is to target the tumour stroma or vasculature.

Another obstacle to tumour penetration is the “antigen barrier”,
in which antibodies continually bind to cancer cells in the outer
perimeter of the tumour close to blood vessels, preventing their
diffusion and binding to cells deeper within the tumour. Cancers
can also acquire resistance to internalising ADCs as a result of
changes to several processes such as internalisation, trafficking,
antigen recycling or lysosomal degradation.>?

Whilst it was previously thought that internalisation was
essential for the therapeutic efficacy of ADCs, it is increasingly
recognised that an alternative mechanism of action can be
efficacious. Instead of requiring lysosomal degradation to release
the payload intracellularly, the antibody-drug linkage can be
designed to be labile in the extracellular tumour environment
(Fig. 2B). This exploits the distinct chemical or enzymatic
environment of cancer compared to healthy tissue. Payloads
released extracellularly can then diffuse into surrounding cancer
cells to exert their cytotoxic effect.

A non-internalising mechanism of action may expand the
scope of cancer targets since it precludes the stringent requirements
of internalising ADCs, such as high internalising antigen
expression. Indeed, some non-internalising ADCs target phy-
siological tumoral features common to most aggressive cancers
and therefore may be a promising broad-spectrum anticancer
approach. Release of the payload extracellularly may also
enable deeper penetration of the anticancer agent into the
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tumour, due to its facile diffusion compared to antibodies,
and may maximise the potential bystander effect.”

Internalising ADCs

All 12 currently FDA approved ADCs utilise internalising anti-
bodies (Fig. 3), with the majority (10/12) incorporating cleavable
linkers.

The majority (7/12) of approved ADCs target non-solid
tumour types, i.e. cancers of the blood including leukemia,
lymphoma and myelomas. Although ADCs against solid
tumours of the breast, cervix and bladder have successfully
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gained approval, non-internalising ADCs may be required to
expand the range of cancer targets beyond these, especially to
treat cancers with dense tumour stroma (the structural compo-
nent of tumours, such as connective tissue).

Cleavable vs. non-cleavable linkers. Non-cleavable linkers
require mAb degradation to its constituent amino acids in the
lysosome in order to release the cytotoxin (Fig. 4B). The active
payload species thus includes an amino acid appendage from
its connection to the mAb. Although this species may still be
able to exert its cytotoxic effect within the targeted cell, its
charged nature makes it unable to diffuse across the cell
membrane and kill surrounding cancer cells by the bystander
effect. Therefore, ADCs that utilise non-cleavable linkers
require efficient cellular trafficking and so are most effective
for treatment of cancers with high and homogeneous antigen
expression. Therefore, non-cleavable linkers are not compatible
with a non-internalising ADC modality.

In contrast, cleavable linkers possess a chemical trigger that
can be cleaved in the specific environment of cancer (typically
intracellularly). Often a self-immolative spacer is combined
with a cleavable linker that facilitates the release of unmodified
payload. Common cleavable linkers include: acid-labile hydra-
zones, which target the acidic pH of the lysosome; reducible
disulfides, targeting the elevated concentrations of glutathione
in the cytosol of cancer cells and; enzyme-cleavable linkers,
such as Valine-Citrulline (Val-Cit) dipeptides, that can be
cleaved by the elevated levels of cathepsin proteases present
in cancer (Fig. 4A). Many other cleavable linkers have been
described,’ but will not be discussed in detail in this review.

Whilst most cleavable linkers were initially designed to be
susceptible to intracellular cleavage, evidence has emerged that

9184 | Chem. Soc. Rev,, 2022, 51, 9182-9202

(A) The mechanism of an internalising ADC (B) the mechanisms of non-internalising ADCs.

some of these chemical or enzymatic cleavage triggers are present
extracellularly.*” Additionally, dying tumour cells can release high
concentrations of intracellular species, such as glutathione or
proteases, into the extracellular tumour microenvironment.® This
phenomenon has facilitated the growth of non-internalising
ADC research, whereby linkers classically thought to require
internalisation have been utilised to give rise to efficacious non-
internalising ADCs.

This review will give an overview into the recent developments
in non-internalising ADCs, including non-internalising membrane
proteins and extracellular protein targets, as well as the linker
chemistry that enables extracellular payload release. It should be
noted that throughout this review, the term “non-internalising”
should not be taken as absolute. “non-internalising” targets are
poorly internalising, but it is likely that there is internalisation to a
small extent. Thus, the efficacy of ADCs may arise from contribu-
tion from both internalised ADC and payload released extracellu-
larly. However, in most of the cases discussed, the non-internalised
species are the major contributor to efficacy, since analogues which
require internalisation for payload release are markedly less potent.

Targeting membrane proteins

Multiple features of the target antigen are important in deter-
mining the success of ADCs. For example, it is desirable that
the target antigen is highly expressed on target cancer cells but
not on healthy cells, to ensure specificity of the therapeutic and
to avoid off-target toxicity. The nature of the antibody-antigen
binding interaction dictates whether internalisation of the
construct occurs (and how rapidly). For successful internalising

This journal is © The Royal Society of Chemistry 2022
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ADCs, the antibody must induce rapid receptor internalisation, Conversely, for non-internalising ADCs, since internalisation
endosomal trafficking, and lysosomal processing (Fig. 2A). does not need to occur at a considerable rate after antibody

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 9182-9202 | 9185
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binding, these intracellular steps are precluded. As interest is
growing in non-internalising ADCs, more cases of poorly inter-
nalising antibody-antigen interactions are being discovered.

B-cell antigens CD20, CD21 and CD72

As part of an investigation into the mechanism of action of a variety
of ADCs, Polson et al. examined the efficacy of non-internalising
ADCs against B-cell CD20, CD21 and CD72 antigens.’ In this work,
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a variety of ADCs were generated with non-cleavable or cleavable
linkers incorporating disulfides or Val-Cit dipeptides (Fig. 5).
They found that cleavable disulfide ADCs were efficacious even
against very poorly internalised antigen targets CD20, CD21 and
CD72 in vivo. It was postulated that the disulfide linker can be
cleaved extracellularly and therefore act by a non-internalising
mechanism. Also in this work, the MMAE payload of an anti-
CD21 ADC comprising a Val-Cit linker was replaced with
MMAF, an analogue containing a charged carboxylic acid termi-
nus (Fig. 5C) which hinders its ability to diffuse across cell
membranes. This change eliminated the activity of the ADC,
indicating that diffusion of the released payload across the cell
membrane is essential for activity and thus supporting the
proposed extracellular mechanism of action. Clearly, this
data contradicted the classical belief that disulfide and Val-Cit
cleavable linkers require internalisation for payload release
and demonstrated that extracellular linker cleavage is possible,
leading to efficacious ADCs.

CD20 was also demonstrated to be an effective target for
non-internalising ADCs by DiJoseph et al.*° Calicheamicin was
conjugated to anti-CD20 antibody rituximab via an acid-labile
or acid stable (amide) linker (Fig. 6). The ADC containing the
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Fig. 6 (A) The structure of the acid-cleavable rituximab ADC, (B) non-
cleavable acid stable rituximab ADC and (C) the calicheamicin payload,
investigated by DiJoseph et al.1°

This journal is © The Royal Society of Chemistry 2022

View Article Online

Chem Soc Rev

acid-cleavable 4-(4-acetylphenoxy)butanoic acid (AcBut) linker
resulted in potent growth inhibition in mice B-cell lymphoma
xenografts. However, the non-cleavable amide linker was mark-
edly less effective with similar performance to unconjugated
rituximab, indicating the importance of acid-mediated linker
cleavage and implying a lack of significant ADC internalisation
of the constructs. This was verified by comparison to analogous
ADCs targeting the internalising CD22 antigen. In this case, the
efficacy of the acid labile vs non-cleavable ADC was similar.
Therefore, the acid-labile ADC is expected to be susceptible to
cleavage extracellularly due to the relatively acidic (pH 5.5 -
7.0)"" extracellular environment of tumour cells.

Similarly, Mylotarg®™ (gemtuzumab ozogamicin, Fig. 3A), an
FDA-approved ADC targeting internalising CD33 containing an
acid-sensitive hydrazone linker, has been investigated for its
efficacy against CD33-negative cancer.'” “Passive targeting”’ of
the ADC has been postulated, allowing accumulation of the
ADC in tumour tissue and efficacious tumour growth inhibition
in various subcutaneous xenografts, despite undetectable
amounts of target CD33 antigen on tumour cells.”®* The acid-
labile linker was crucial for efficacy, as when it was replaced
with an acid-stable linker, activity was diminished. Hence,
extracellular cleavage in the acidic tumour microenvironment
is a likely mechanism of drug release from this approved ADC,
previously thought to require internalisation for efficacy.
Instead, the efficacy is attributed to the enhanced permeability
and retention effect (EPR), whereby the ADC accumulates at the
site of action due to the enhanced vascular permeability of
tumours. In combination with the extracellularly cleavable acid-
sensitive linker, payload can be released at the site-of-action
without active targeting of the cancer cells by the antibody.

PD-L1. Programmed cell death-ligand 1 (PD-L1) is a trans-
membrane protein, which binds to programmed cell death
protein-1 on the surface of T cells to inhibit T-cell function
and enable cancer cell evasion of the immune system. PD-L1
expression is upregulated in a variety of solid cancer types and
is often correlated with poor prognosis and reduced survival."*
Three antibodies against PD-L1 have gained FDA approval:
avelumab (Merck),” atezolizumab (Roche),"® and durvalumab
(AstraZeneca)."” The efficacy of cancer treatment solely by these
antibodies is limited by the transient and heterogeneous
expression of PD-L1 and poor penetration of the large
antibodies through dense tumour stroma.'® Hence, a non-
internalising ADC approach may be attractive since extra-
cellular payload release could overcome these issues. However,
little is known about the nature of PD-L1 and its internalisa-
tion. For example, Hung et al. generated several PD-L1 anti-
bodies that specifically recognised the glycosylation site of
PD-L1." Of 10 antibodies evaluated, only those that recognised
the N192 and N200 glycosylation sites were internalised. This
demonstrates that the nature of an antibody-antigen binding
interaction is key to determining its mechanism of action and
whether internalisation is induced. This should be carefully
considered for the design of any ADC.

ADCs incorporating the FDA-approved avelumab antibody in
both IgG and alternative antibody formats have previously been

Chem. Soc. Rev., 2022, 51, 9182-9202 | 9187
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avelumab-Val-Cit-MMAE ADC was not effective in vitro against
PD-L1 positive cell lines, giving ICs,’s similar to unconjugated
avelumab. This is rationalised by the lack of internalisation of
the ADC, which may be necessary for lysosomal dipeptide
cleavage. Flow cytometry analysis revealed that <20% of ave-
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cell lines, but 40% of alternative antibody atezolizumab was
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stability for release of SN-38 from ADCs in the extracellular
acidic tumour microenvironment.”>”>*

Goldenberg et al. examined the efficacy of anti-CEACAM5
labetuzumab ADCs in mouse models of human colonic carcinoma,
human pancreatic tumours, and systemic lymphoma xenografts.>*
All ADCs contained linkers with acid-labile carbonate or ester
moieties, with some substrates possessing an additional protease-
cleavable phenylalanine-lysine (Phe-Lys) residue (Fig. 7). The
acid-labile linkers possessed intermediate stability, with half-lives
of 10-65 hours in human serum.>® Gratifyingly, although CEACAMS5
is poorly internalised,* ADCs induced 100% survival in the target
CEACAM5-positive lymphoma tumour mode, with the best in vivo
performance from ADCs bearing the dual cleavable linker CL2
(Fig. 7).

The authors propose a non-internalising mechanism of
action whereby SN-38 is slowly released from the ADC extra-
cellularly, allowing for high local accumulation of free drug.**
The relatively high lability of the carbonate/ester linkage is
deemed appropriate for use with SN-38 due to its moderate
cytotoxicity compared to auristatins or maytansinoid payloads,
allowing facile drug release without significant off-target toxi-
city. Indeed, FDA approved ADC Trodelvy® contains SN-38
conjugated via the CL2A linker (Fig. 3C).>* Although it targets
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highly internalising antigen Trop-2, substitution of the CL2A
linker with a highly stable linkage significantly reduced effi-
cacy, suggesting the gradual release of SN-38 from the CL2A
linker contributes to efficacy.>®

NKA. Non-internalising ADCs for inhibition of the human
Na‘/K'-ATPase (NKA) have also been described.”” NKA is a
plasma membrane ion pump that is essential for the function
of all cells: inhibition of NKA can therefore lead to cell death.
Unlike the classical ADC approach, instead of developing an
antibody against NKA (which would not afford specificity
against healthy cells), the authors exploited the proximity
of other cancer-related proteins to NKA. Dysadherin is a
cell-membrane glycoprotein that is overexpressed in many
metastatic cancers and interacts with NKA.?® Conjugation of a
cardiac glycoside inhibitor of NKA to an anti-dysadherin anti-
body then allowed antibody-antigen binding to dysadherin,
which brought the inhibitor in close proximity to NKA. Inhi-
bitor binding to NKA then caused cell death by inducing cell
swelling and subsequent membrane rupture (Fig. 8). This
strategy is particularly intriguing because it precludes linker
cleavage, since the inhibitor acts extracellularly whilst attached
to the antibody. Several additional NKA-inhibiting ADCs
were also constructed against other cancer-related antigens
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Fig. 9 The mechanism and structure of non-internalising anti-Gal-3-BP ADC. (A) Initial linker cleavage from dying cancer cells results in cancer cell
killing and thus increased levels of reductants such as glutathione (GSH) to be released in the tumour microenvironment. (B) This amplifies linker
cleavage, which then amplifies cancer cell killing by the released payload species.
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known to interact with NKA (CD20, CD38, CD147 and CD56).
Impressively, they demonstrated that 350-fold fewer inhibitor
equivalents were required in vivo to achieve similar antitumour
efficacy to the free drug, validating the superiority of the
targeted approach.

Targeting the tumour
microenvironment

Alternative strategies to target tumours without exploiting
membrane antigens have now emerged. In fact, reliance on
targeting membrane antigens has several drawbacks since few
cancers homogeneously overexpress antigens, and resistance
can be acquired through changes in antigen expression.*?°
Instead, other approaches seek to eradicate malignant cells
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indirectly by targeting components of the extracellular tumour
microenvironment, such as secreted or extracellular proteins,
or to target the abundant connective tissues and blood vessels
of the tumour stroma. As with any targeted therapy, the target
must be preferentially displayed in cancer but not in healthy
tissue.

Targeting proteins in the extracellular matrix

Gal-3-BP. Galectin-3-binding protein (Gal-3-BP) is abundant
and continuously secreted from the majority of cancers, making
it an attractive target for ADCs targeting the cancer micro-
environment. Iacobelli et al. developed a humanized antibody
specific to the lectin binding domain of Gal-3-BP.*° Conjugation
of the drug was achieved in a ‘linkerless’ fashion, by forming a
mixed disulfide directly with the C-terminal cysteine and a thiol-
containing maytansinoid drug (DM1, DM3 or DM4) (Fig. 9C).
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This linkerless technology was first described in the Neri lab,
who demonstrated that the high concentrations of reductants
in the extracellular space is sufficient to selectively cleave
disulfides, enabling extracellular drug release.® Indeed, it is
thought that after payload release and cell death, increasing
amounts of reductants are released within the tumour micro-
environment, causing amplified payload release and cell death
in a ‘chain reaction’ (Fig. 9A and B). Accordingly, anti-Gal-3-BP
disulfide-containing ADCs achieved significant tumour growth
inhibition in vivo, with the DM3 conjugate achieving long-lasting
and complete remission in a mice xenograft model with optimal
dosing.

LRG1. Leucine-rich alpha-2-glycoprotein 1 (LRG1) is a
secreted glycoprotein abundant in the microenvironment of many
tumours. Elevated expression of LRG1 is associated with poor
prognosis, as it contributes to vascular dysfunction and hinders
the delivery of therapeutics through the bloodstream.*"*?

Chudasama et al. confirmed that LRG1 remains extracellular
following its secretion, allowing the development of non-
internalising ADCs comprising magacizumab conjugated to
MMAE via a protease-cleavable Val-Cit linkers (Fig. 10).>*
In vitro, their ADCs were initially ineffective against human-
LRG1-positive B16F0 cells due to the limited concentration of
extracellular cathepsins in cell culture. Although ineffective,
this confirmed the non-internalising nature of the LRG1 ADCs.
They postulated that co-treatment with a small dose of cisplatin
(5 uM) would enable sufficient release of cathepsins from dying
cells to activate their ADCs. This combination approach
afforded an ICs, of 15 pM for the ADC, indicating that drug
release from their ADCs was improved with the increased cell
death from co-administering an additional chemotherapeutic
to kick-start the chain reaction. Furthermore, they demonstrated
significant inhibition of tumour growth in vivo in a mouse
melanoma model of their ADC alone (i.e. without pre-treatment
with cathepsins or co-administration of cisplatin). However, ADC
treatment was not curative. This may be explained by the known
susceptibility of the Val-Cit linker to carboxylesterase 1c (Ces1C)
present in mouse plasma.**” Premature circulatory hydrolysis of
the linker by Ces1C likely impedes full delivery of the cytotoxin at
the site-of-action, resulting in inaccurate and potentially lower
efficacy than would be expected in human patients.

Therefore, it is still unclear whether Val-Cit linkers are solely
activated at the tumour site by target cathepsins or if their
ability to release payload extracellularly is due to circulatory
instability in mouse models. This is a key shortfall of the in vivo
evaluation of Val-Cit ADCs in mice thus far. To truly disambiguate
if these linkers are suitable for non-internalising ADCs in
humans, studies with Ces1c knockout mice should be conducted,
or linkers should be employed which are hydrolytically stable in
mouse plasma. Nevertheless, LRG1 appears to be a promising
target for the future development of non-internalising ADCs.

MMP9. Matrix metalloproteinases (MMPs) are a family of
proteases with multiple roles in cancer progression and are often
upregulated in breast carcinomas.*® Whilst MMP inhibition is
an attractive anticancer strategy, it has proven difficult to selec-
tively target one MMP of the family with small molecules due to

This journal is © The Royal Society of Chemistry 2022

View Article Online

Chem Soc Rev

their sequence similarity in the catalytic domain. Therefore,
inhibitors are often unselective and suffer from dose-limiting
toxicity or insufficient clinical efficacy. To improve upon these
small-molecule MMP inhibitors, Merritt et al. developed an
extracellular ADC by conjugating a pan-MMP inhibitor to a
highly specific MMP9-targeting antibody (Fig. 11).>° Specific
binding of the antibody to MMP9 thus brought the inhibitor
in close contact with MMP9, enabling selective inhibition of only
that member of the metalloproteinases. The ADCs did not
require internalisation or breakdown of the conjugate since
the antibody recognises an epitope close to the MMP9 active
site but does not impede inhibitor binding. Anti-MMP9 ADCs
with a DAR of 4 or 8 achieved ICs,s of 22 and 15 nM respectively
in MMP9 inhibition assays. Although the authors did not
evaluate anticancer activity in vitro or in vivo, they demonstrate
that ADCs can effectively target an extracellular protein when
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ADC, (B) the structure of linker-payload and the bioconjugation method
to generate DAR 8 MMP9 ADC.
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A Internalising ADCs fail to treat stroma-rich solid tumours
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B Non-internalising ADCs can target the tumour stroma
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(A) Classical internalising ADCs fail to treat solid tumours with dense extracellular stroma. (B) The approach of Cancer Stromal Targeting Therapy

(CAST), whereby a non-internalising ADC targeting a protein in the stroma can release payload extracellularly.

the antibody and small-molecule inhibitor bind to the same
protein.

Stroma or tumour vasculature targeting

Many solid tumours exhibit dense intercellular stromata: a
network of connective tissues and blood vessels which impede
the penetration of large macromolecules deep into the tumour
(Fig. 12). This is often a barrier to the successful treatment of
solid tumours by ADCs. An emerging strategy alternative to
targeting tumoral cells that lie behind the stromal barrier, is to
target the stroma itself. ADC accumulation in the stroma could
enable extracellular payload release in the tumour microenvir-
onment, which can then diffuse into nearby tumour cells. Since
the diffusion of small molecules is greater than mAbs, penetra-
tion of the active drug into the solid tumour is expected to be
improved. This is termed ‘“Cancer Stromal Targeting Therapy”
(CAST). Additionally, the treatment of several solid tumours
(colorectal, lung, pancreatic) by classic ADCs is limited due to
their heterogenous target antigen expression.’® Therefore, an
alternative targeting approach is desirable. Components of the
modified tumour extracellular matrix include collagens, fibro-
nectin, tenascin-C and fibrin, which are attractive targets for
ADC delivery given their abundance, stability and selective
presence in the tumour stroma or vasculature.**

9192 | Chem. Soc. Rev,, 2022, 51, 9182-9202

Collagen. Collagen is a major component of the stroma
in the modified tumour extracellular matrix. Matsumura
and colleagues aimed to target the collagen network of the
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Fig. 13 (A) Bioconjugation of anti-collagen 4 antibody to generate a DAR
7-8 ADC, (B) the linker-payload structure.
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stroma to enable sustained release of SN-38 in the tumour
microenvironment.*® SN-38 was conjugated with an ester bond
to a mAb against collagen 4, generating ADCs with average DAR
of ~7-8 (Fig. 13). The ester linkage is susceptible to hydrolysis
in vitro, releasing free SN-38. In vivo, the ADCs displayed
significant antitumour activity in stroma-rich and stroma-
poor pancreatic mice xenografts, although the response was
enhanced in the stroma-rich model. Gratifyingly, the anti-
collagen-SN-38 ADC inhibited tumour growth for as long as
3 months at a dose equivalent to 3 mg kg ' of SN-38, pre-
sumably due to the sustained release of SN-38 from ADC
retained in the stromal barrier. No body weight changes were
observed during treatment, implying that there is not significant
off-target toxicity from SN-38 release as a result of general ester
lability in circulation. An analogous ADC targeting cell surface
internalising antigen EpCAM was inferior to the anti-collagen
ADC, attributed to the inability of the ADC to distribute evenly
within the tumour. The authors note that despite the high drug
loading, the concentration required for this response was much
higher than required for Kadcyla (which features highly potent
DM1 payload, Fig. 3B) or other immunoconjugates, due to the
relatively low potency of SN-38 (nanomolar compared to
picomolar). It remains to be seen how an analogous ADC bearing
more cytotoxic payloads would be tolerated, considering the
potential circulatory instability of the ester linkage. Indeed, it
is also not known how effective this approach would be if
applied to more circulatory-stable cleavable linkers.

Fibrin. Fibrin is a fibrous protein abundant in the stroma of
solid tumours, which can be targeted by IgGs developed by
Matsumura et al.** Similar to their work targeting collagen, they
utilised an ester linkage to conjugate SN-38. In this case, a
branched linker allowed the conjugation of three SN-38 molecules
to each antibody site, giving high DARs of 24 (Fig. 14). Under
conditions representative of the extracellular environment (pH 7.4
and in mouse serum), the ADC released 40% SN-38 within
24 hours, highlighting the labile nature of their ester linker
choice. In mouse tumour models with injection doses equivalent
to 13.3 mg kg~ ' of SN-38, tumour suppression was achieved for
more than one month, superior to a known prodrug of SN-38.

Matsumura and colleagues once again demonstrated fibrin
targeting by using the fibrin-specific mAb combined with
MMAE via a plasmin-cleavable tripeptide Val-Leu-Lys linker.*?
Plasmin is a proteolytic enzyme produced in its active form only
in the presence of fibrin, therefore potentially facilitating
additional selectivity for tumoral payload release. In contrast
to the ester linkages previously employed, this tripeptide was
stable in human plasma over 7 days but efficiently released
MMAE in the presence of plasmin. In vivo efficacy was examined
in a mouse xenograft pancreatic tumour model. With an ADC
dose of 20 mg kg™ *, significant tumour growth suppression was
observed compared to a non-targeted control ADC or MMAE
alone. Although the treatment was not curative, the authors have
demonstrated that cleavable tripeptide linkers targeting plasmin
are suitable for incorporation into non-internalising ADCs.

Fibronectin. Rapid angiogenesis is a feature of most aggres-
sive cancers but not healthy tissues, so selective targeting of

This journal is © The Royal Society of Chemistry 2022
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tumoral blood vessels is possible. Furthermore, targeting the cancer
vasculature ensures wide therapeutic distribution within the tumour,
in contrast to targeting heterogeneously expressed antigens. Fibro-
nectin is a glycoprotein associated with angiogenesis and is a
component of the subendothelial extracellular matrix of tumour
blood vessels.** Different forms of fibronectin exist due to alternative
splicing, namely extra domain A (EDA) and extra domain B (EDB).
These are abundant in solid tumours, accumulating in newly formed
blood vessels but not in healthy tissue, making it an appealing target
for the delivery of ADCs to newly formed tumoral blood vessels.
The L19 antibody has been established as a high-affinity
binder of the EDB domain of fibronectin and non-internalising

Chem. Soc. Rev., 2022, 51, 9182-9202 | 9193


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00446a

Open Access Article. Published on 02 November 2022. Downloaded on 1/10/2026 3:33:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

1% Unlike classical

ADCs have been generated by Zardi et a
ADCs in which a drug is chemically conjugated via a linker to
the antibody, the authors fused the genes of the single-chain
variable fragment (scFv, Fig. 1) L19 antibody and interleukin
2 (IL2) to generate a fusion protein. This fused antibody-
cytokine does not require cleavage for IL2 to initiate cell-
mediated immune responses and induce tumour regression.
Accordingly, the fusion protein was efficacious in mice terato-
carcinoma models, overcoming the rapid clearance and limit-
ing cytotoxicity of IL2 treatment by tumour-vasculature specific
delivery.

For targeting the EDA domain of fibronectin, Neri et al
utilised a linkerless disulfide conjugation strategy to conjugate
thiol-containing dolastatins to the F8 antibody specific for the
EDA domain of fibronectin (Fig. 15).® The linkerless disulfide
technology allows simple thiol-drug conjugation via formation
of a mixed disulfide with antibody cysteines, which can then be
cleaved in the presence of extracellular reductants released
from dying tumour cells, such as glutathione. Following
cleavage, only free drug and the parent antibody is released,
therefore it is deemed “‘traceless”. The F8 antibody was used in
a small-immune protein format (SIP, Fig. 1D) over an IgG
format due to its superior tumour-targeting properties. The
conjugate was moderately stable in mouse plasma, however,
the conjugate rapidly reacted with glutathione to release free
payload under conditions similar to the extracellular tumour
environment. Potent tumour regression and prolonged survival

View Article Online
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was observed in mice with tumour subcutaneous grafts with
high dosing (43 mg kg™ '), although this was well tolerated.
Wwith lower dosing (8 mg kg ') only 50% tumour growth
suppression was observed, but neither treatment was curative.
Improved therapeutic efficacy was later achieved when the F8
antibody was combined with the more potent maytansinoid
payload DM1.%® Several cures and long-lasting remissions were
obtained with 3 doses at 7 mg kg *. Thus, the authors have
demonstrated the successful delivery of potent payloads to the
tumour vasculature by utilising linkerless disulfides which
preclude the need for complex linker synthesis, generate homo-
genous conjugates and result in the release of only two species:
the free drug and the parent antibody. This linkerless technology
may be superior to more complex linker constructs which could
impart undesired immunogenicity or other side effects.

Neri and colleagues have also explored combination therapy
of IL2 and cytotoxic cemadotin thiol (Cem), each conjugated to
the SIP F8 against EDA of fibronectin (F8-IL2 and F8-Cem)."
Combination therapy exhibited curative anticancer properties
in a mouse model of leukemia. In another work, they then
explored the conjugation of IL2 and Cem to the same antibody,
generating multi-payload ADCs for tumour vascular delivery.
This time, the F8 antibody was used in diabody format,
genetically fused to IL2 and connected to Cem or DM1 via a
linkerless disulfide. The resulting multi-payload ADCs retained
the properties of all components: tumour homing, cytotoxic
activity (after linker cleavage) and cytokine activity. The ADCs

A i
i) TCEP reduction,
! ii) Ellman's reagent Cem-CH,-SH '
e — or
i DM1 i
[ SemS H
E F8 SIP HOOC s COOCH E
i (Small immune ;
: protein) :
: O,N NO, |
o |
' B 5
: ~NT :
' o) :
| s, 20 P |
W HN Cemadotin-CH,-SH analogue HS "|‘ .
(Cem-CH,-SH)
= o N/ or '
H o o SH Mertansine :
; ¢ o (DM1) 5
: o :
: YW W :
? ) |
Fig. 15 (A) The “linkerless” bioconjugation method to generate anti-fibronectin non-internalising ADCs with antibodies in small-immune protein format

(B) the structure of the payloads.
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preferentially accumulated in the tumour and the F8-IL2-SS-
DM1 ADC had a potent antitumour effect in vivo.

Tenascin-C. Tenascin-C is an abundant protein present in
the stroma of solid tumours but is not present in healthy
tissues.”®° The A1 domain can be targeted by the F16 antibody
as demonstrated by Neri et al®® A non-internalising anti-
tenascin-C ADC was synthesised with a protease cleavable
val-Cit linker connecting MMAE (Fig. 16B). Impressively, the
ADC cured 100% of treated mice in two different mouse xenograft
models. Whilst this is suggestive of successful payload release at
the tumour site, the IgG ADC was unstable in mouse plasma, with
cleavage observed at the citrulline site, presumably due to carbox-
ylesterase 1c (Ceslc) in mouse plasma, known to enzymatically
cleave this moiety.>>” Thus, it is unclear whether payload release
and resulting ADC efficacy is a result of generic mouse plasma
instability of the linker, or from the desired cleavage mechanism
by extracellular tumoral cathepsins.

Cysteine residues 220, 226 and 229 mutated to serine, leaving only two
sites for linker-drug conjugation, DAR = 2.
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Utilising a slightly different Val-Cit linker, with an extended
self-immolative spacer to release alcohol-containing PNU159682
(Fig. 16C), the Val-Cit linker was stable in mouse serum over 5 days
in vitro, but there is no comment on its stability in vivo.**
The authors validated the extracellular mechanism of action by
exploring analogues bearing MMAE or MMAF, the latter of which
contains a charged carboxylic acid, significantly hindering the
ability of the released payload to cross cell membranes. Accord-
ingly, the F16-MMAF conjugate did not display detectable thera-
peutic activity in vivo, whereas the MMAE analogue had potent
cytotoxic effect. Therefore, diffusion of the drug through cell
membranes is essential, indicative of extracellular payload release.

To gain increased understanding of the utility of dipeptides
for extracellular linker cleavage, Neri et al. explored the use of
Val-Cit, Val-Arg, Val-Lys and Val-Ala dipeptidic linkers in
tenascin-C targeting non-internalising ADCs.”* The ADCs were
well tolerated up to 50 mg kg™, and the best tumour growth

Monomethyl auristatin E (MMAE)

)

N
Q w0 PNU159683 (PNU) 2

OMe

(A) The general structure of anti-Tenascin C non-internalising ADCs (B) the structure of anti-tenascin C targeting ADC with a protease-cleavable

linker to release MMAE (C) the structure of anti-tenascin C targeting ADC conjugating PNU alcohol payload by an extended self-immolative spacer.
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inhibition in vivo was achieved by the Val-Ala ADC. Linker
stability was investigated after intravenous injection into mice,
which revealed that Val-Lys and Val-Arg dipeptides (containing
basic side chains) were cleaved between the two amino acid
residues instead of the predicted cleavage site that would
enable self-immolation to release free drug. Therefore, these
linkers were deemed unsuitable for further development.
Despite the efficacy of the Val-Cit and Val-Ala containing ADCs,
the source of enzymatic cleavage was still not distinguished
between Ceslc-mediated hydrolysis in plasma, or cleavage by
target cancer-associated cathepsins.

Extracellular release via exogenous
triggers

Whilst most ADCs rely on endogenous triggers for payload
release such as tumour-associated enzymes or distinct tumoral
PH, an alternative approach has been developed whereby a small
molecule trigger is introduced exogenously and separately from
the ADC. After the cleavable, non-internalising ADC is adminis-
tered, sufficient time is allowed for ADC binding to the target
antigen and sufficient time for clearance of any unbound,
untargeted ADC from the blood to negate off-target effects.
Subsequently, the exogenous release trigger is administered,
only activating the ADC at the site-of-action (Fig. 17). Unlike
traditional ADCs, this approach does not rely on cleavage by
natural biological activation mechanisms, such as presence or
specific concentrations of certain enzymes for payload release,
which may vary widely between cancers and between patients.
Thus, the bioorthogonal activation may allow more predictable
drug-release rates, with spatial and temporal control.

Non-internalising ADC (diabody) administered
and binds to extracelllular protein

Clearance of unbound ADC from blood
with time
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Click-to-release

Tumour-associated glycoprotein 72 (TAG72) is overexpressed
on the surface of cancer cells in a wide range of solid tumours.
Its suitability as a non-internalising ADC target has been
demonstrated by Rossin et al. who utilised the bioorthogonal
inverse-electron demand Diels Alder (IEDDA) reaction for gen-
eration of a non-internalising anti-TAG-72 ADC.”*”> Incorpora-
tion of a trans-cyclooctene linker into the ADC enabled facile
“click-to-release” chemistry with exogenously administered
small-molecule tetrazine probes. A pyridazine elimination
reaction is triggered, allowing cleavage of allylic carbamates
from trans-cyclooctenes, releasing free amine-containing cyto-
toxins (Fig. 18). Thus, a non-internalising ADC is generated
which can release the payload extracellularly after linker clea-
vage by an exogenous trigger.

As previously mentioned, before the exogenous probe is
introduced, clearance of unbound ADC in the blood is required
to avoid off-target activation and payload release which would
lead to systemic toxicity. Therefore, the authors used ADCs
in diabody format due to the faster clearance and deeper
tumour penetration. Retaining the high tumour localisation,
the diabody-conjugate with MMAE allowed administration of
the tetrazine click activator 2 days later, giving efficient extra-
cellular activation and MMAE release. High tumour selectivity
was afforded by the low retention of the diabody-conjugate in
healthy non-target tissues.

In vivo, the TAG-72 non-internalising click-to-release dia-
body ADC was compared to analogous TAG-72 diabody-ADC
featuring a Val-Cit cleavable linker. Improved tumour-growth
suppression was observed in vivo for the click-to-release ADC,
achieving ECsos of 185 and 35 pM (in colorectal and ovarian
cancer xenografts). In contrast, the Val-Cit ADC was not effective

Exogenous small-molecule activator
administered

&A/A e e e o

e S S N S N S e R e N S e N T e

Extracellular protein
: (ie. TAGT72)

E Non-internalising ADC
& (diabody format)

Small-molecule activator: i.e.

tetrazine click-to-release activator

Fig. 17 Mechanism of action of exogenously activated ADCs. Shown here is an antibody in diabody format targeting an extracellular protein. After
clearance of the ADC from the bloodstream, the small-molecule exogenous activator is administered to cause linker cleavage and payload release only at

the site-of-action.
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Fig. 18 (A) The generic structure and mechanism of “click-to-release”
from anti-TAG72 non-internalising ADC by click reaction of the trans-
cyclooctene with a tetrazine exogenous activator (B) the structure of the linker
(C) the structure of the tetrazine exogenous activator. M = Lu/"Lu, Min.

due to limited extracellular release of MMAE. The click-to-release
strategy was well tolerated, and no toxicity was attributed to use
of the ADC, tetrazine activator or the combination.

Although this approach requires clinical development of two
separate components (the ADC and the activator), it is expected
that the approach could be applied to broad-spectrum cancer
targets (such as components of the stroma present in many

This journal is © The Royal Society of Chemistry 2022
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Fig. 19 The structure of the bifunctional thioether propargyl carbamate
linker used to release doxorubicin after exogenous administration of
Pd-activator. Dox = doxorubicin.

solid tumours) with use of the same activator. In summary, the
authors demonstrate the suitability of the IEDDA pyridazine
elimination to allow temporally controlled and traceless ADC
linker cleavage, activating payload release only at the site-of-
action without the reliance on endogenous cancer biology.

Exogenous palladium

Bernardes et al. developed an elegant bifunctional thioether-
containing propargyl carbamate linker which allows palladium-
mediated cleavage to release amine-cytotoxins (Fig. 19).°°
A HER2-nanobody ADC was constructed via cysteine bioconju-
gation with a thioether propargyl carbamate linker connected
to doxorubicin (Dox, Fig. 19). In vitro, in HER2-positive cancer
cells, the Pd-activatable ADC was as toxic as free Dox when
administered with Pd(COD)Cl,, highlighting the success of
their activatable approach. However, since their antigen target
is internalising, even without exogenous Pd-activator, the same
concentration of ADC was highly cytotoxic, due to lysosomal
processing of the antibody-linker after internalisation, releasing
free drug or toxic-drug derivatives. Thus, a non-internalising ADC
format would be interesting for application of this technology,
whereby cytotoxicity should exclusively be afforded by exogenous,
extracellular activation, allowing better selectivity of payload
release and potentially improved bystander effect. Additionally,
less toxic Pd-complexes should be considered, since the
Pd(COD)Cl, activator is unlikely to be well tolerated in vivo.>
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Fig. 20 The structure of non-internalising anti-tenascin C ADC activated
exogenously by platinum-mediated decaging.

Exogenous platinum

Oliveira et al have described the generation of a non-
internalising ADC based on the F16 antibody against stromal
tenascin-C that utilises bioorthogonal metal-mediated deca-
ging for payload release.’” F16 was conjugated to MMAE via a
carbonyl acrylic bioconjugation handle, containing a reactive
alkyne for metal-catalysed decaging with platinum complexes
K,PtCl, or anti-cancer agent Cisplatin (CisPt, Fig. 20).

In vitro, platinum-decaging of F16-MMAE ADC with non-
toxic concentrations of K,PtCl, afforded concentration-
dependent cell killing. Although they did not explore the
efficacy of ADCs in mammals, they did show that a simple
alkynyl-prodrug of 5-fluorouracil was able to induce a signifi-
cant cytostatic and cytotoxic effect in zebrafish, when combined
with CisPt treatment compared to a control non-cleavable
fluorouracil analogue, and without the presence of exogenous
platinum.

This an impressive addition to the toolbox of bioorthogonal
release strategies enabling decaging in aqueous environments
with high reaction rates and yields. However, the conversion of
activated products was hampered by the presence of nucleo-
philes such as glutathione (known to be elevated in cancer),
giving markedly slower reaction rates. With CisPt, nucleophiles
were found to deactivate the metal, resulting in only modest
yields. Hence, further development is required to enable
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activators to be compatible with glutathione and other nucleo-
philes in vivo.

Although proof-of-concept studies of ADCs with exogenous
payload release have been successful, drawbacks of the strategy
remain. Notably, the administration of a completely un-
vectorised exogenous trigger inherently results in uncontrolled
distribution which may lead to off-target toxicity. Furthermore,
higher concentrations of the trigger are required since minimal
amounts localize to the tumour site, which may also contribute
to toxicity. The strategy would also inevitably be more thera-
peutically complex, requiring multiple dosing and evaluation of
the pharmacodynamics/kinetics of two species.

Conclusions

Within the last decade of ADC research, increasing attention
has turned towards the development of non-internalising ADCs
with extracellular payload release mechanisms, with the inten-
tion of improving on some of the drawbacks associated with
classical internalising ADCs (a summary of the strategies
described in this review can be found in Table 1). For example,
their reliance on high, homogenous antigen expression
excludes a number of cancer types from target selection and
can become problematic when cancers develop resistance
related to the internalisation process. Non-internalising ADCs
therefore represent a promising opportunity to target a wider
range of cancers that lack suitable antigen expression for
treatment by internalising ADCs.

Despite the traditional belief that internalisation is crucial
for the efficacy of ADCs bearing cleavable linkers such as
protease-cleavable dipeptides or reducible disulfides, increas-
ing evidence has emerged to the contrary. Instead, it is becom-
ing recognised that dying cancer cells are able to release the
typically intracellular linker triggers into the extracellular
tumour microenvironment. Thus, these linkers are suitable
for incorporation into non-internalising ADCs. However, these
preliminary findings in tumour mouse models remain unvali-
dated in primates, whose concentration and distribution of
cleavage-triggers differ. Importantly, the instability of protease-
cleavable dipeptides in mouse plasma due to the Ces1C hydro-
lase complicates evaluation of non-internalising ADCs.

Alternative linkers examined for non-internalising ADCs
have moved away from the notion that the linkers must be
extremely stable in circulation until internalisation and break-
down within the cancer cell. Instead, linkers incorporating
esters or carbonate moieties with moderate stability in circula-
tion have been used in combination with antibodies targeting
components of the tumour stroma, allowing sustained drug
release local to the tumour. Such carbonate linkers have already
been validated in the clinic (i.e., Trodelvy™), but may only be
suitable for use with moderately cytotoxic payloads such as SN-
38. For improved potency, more cytotoxic payloads could be
considered, but off-target toxicity due to the labile linkage
should be closely examined.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of non-internalising ADCs discussed in this review, including their target, payload, linker chemistry and mechanism of action

Target & Target

Payload Type

General ADC structure highlighting linker

and cleavable moiety

Mechanism of action, Reference

& Comment

€D20, CD21, CD72

o
——s,-.fr?—ﬁ

T e} OJOJ\N%

Aciid hydrolysis or protease cleavage9

DM1, MMAE or Membrane antigen T
SARRE N ! Substitution for MMAF reduced
Of \ﬁ" potency
HN
07 "NH,
Disulfide or Val-Cit
,;;0 S/* Acid hydrolysis™®

CD20

. . Membrane antigen
Calicheamicin

Substitution for acid-stable linker
reduced potency

= ('3

Exogenous release: inverse electron

demand Diels Alder elimination with

5 . 54,55
tetrazine activator "

TAG72 .
Membrane antigen
MMAE X
’ g Diabody format chosen for faster
Click-to-release linker .
clearance before activator
administered
o
f +
NH H
CEACAM5 s N Acid hydrolysis and protease
Membrane antigen ¥ Kﬂ D&— yeroly 2 ‘
SN-38 /H o o. Lo cleavage
\g !
H,N
Carbonate or ester
o /\/(l)l\ Inhibition via close proximity to target
o o by binding related cancer proteins®’
NKA ) N E/\@/ \%4\( Y g p
. Membrane antigen HN
NKA inhibitor re) .
Breakdown of the ADC not required
for efficac
Non-cleavable Y
Gal3BP _}0 Disulfide cleavage due to high
Secreted protein s 5 concentrations of reductants released
DM1/DM3/DM4 g F 30
from dying cancer cells
Linkerless disulfide
o
. B )
NJ" | Protease cleavage
N N
LRG1 . H :(H
Secreted protein o S N\ : 1
MMAE J/ ¥ Pre-treatment of ADCs with cathepsin

HN

07 NH,
Val-Cit

B was required for efficacy in vitro
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o
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: %
o o
W s
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SN-38 ° o
\%D
Ester?®
[e]
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AR T |
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MMAE & A~ ° \ﬁ" HISREaS
NH,
Val-Leu-Lys

Fibronectin (EDB)
IL2

Vasculature
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Non-cleavable

Fused protein does not require
breakdown for activity”

Fibronectin (EDA)
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Vasculature
component

\
/

ﬁo

728

Linkerless disulfide

Disulfide cleavage due to high
concentrations of reductants released
from dying cancer cells®*

Fibronectin (EDA)

Vasculature

Non-cleavable (IL2) and linkerless disulfide (Cem)

Multi-payload ADC, fusion of IL2
allows selective activity at tumour
site and disulfide cleavage due to high

IL2 and Cem component .
concentrations of reductants released
from dying cancer cells”’
o
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PNU159682 HNJ/ ﬁo
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I
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Stroma component NN o™ 57
MMAE I decaging
[e]

Carbonyl acrylic linker

% Wavy lines indicate portions of the linker structure not represented in the figure. Bioconjugation position is a representation only.
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In addition to the linking chemistry, increasing numbers of
poorly internalising cell-surface antigen targets have been
identified. For example, non-internalising ADCs targeting
CD20,'° cD21,° CD72,° TAG72,°**® CEACAMS5,?* and NKA?’
have been described. Although this approach still requires the
expression of a specific cell-surface antigen, removed reliance
on internalisation and extracellular payload release may afford
improved bystander killing and deeper tumour penetration.
Efforts have also focused on targeting proteins other than those
expressed on the cancer cell surface, for example, secreted
proteins Gal3BP,** LRG1,’* and MMP9.*’

The field has also moved towards targeting the unique
physiology of cancer: tumours possess abundant stroma and unique
vasculature containing collagen,” fibrin,*® fibronectin,®*>**¢ and
tenascin-C* > - all of which have recently been explored for
targeting by non-internalising ADCs. Promising preliminary results
have been obtained with stromal-targeting ADCs, this approach may
offer a much-needed alternative to internalising ADCs in the future
for the treatment of stroma-rich solid tumours.

Finally, a fledgling area of research is described towards the
activation of non-internalising ADCs by exogenous small-
molecule triggers, such as metals (Pd, Pt) or click-chemistry
partners. The use of exogenous triggers avoids the potential
variance of cancer biology between patients and cancer types
but requires more development for in vivo application. In
particular, there is concern over the lack of selectivity of the
exogenous trigger, which results in high dosing and potential
off-target toxicity.

Future work in the field is likely to see more combinations of
non-internalising/extracellular targets with different linker
technologies. New linker technologies should explore the bal-
ance between linker stability in circulation vs. activation extra-
cellularly to reach a compromise between high stability of the
linker in circulation, with high reactivity to enable facile and
quick release in the tumour microenvironment. Finally, the
discovery of new antibody-antigen binding interactions that do
not induce internalisation may enable the generation of novel
non-internalising ADCs for different antigen targets.

Overall, non-internalising ADCs are an exciting, emerging
area of ADC research likely to assist in overcoming some of the
barriers to the clinical success of internalising ADCs and
expected to enable the targeting of a wider range of cancer
types in the future.
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