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Abstract

Proteolysis plays critical roles in normal and pathologic physiology; these
enzymes are intricately involved in cancer progression and spread. Our un-
derstanding of protease function has advanced from nonspecific degrading
enzymes to a modern appreciation of their diverse roles in posttranslational
modification and signaling in a complex microenvironment. This new under-
standing has led to next-generation diagnostics and therapeutics that exploit
protease activity in cancer. For diagnostics, protease activity may be mea-
sured as a biomarker of cancer, with wide-ranging utility from early detection
to monitoring therapeutic response. Therapeutically, while broad inhibition
of protease activity proved disappointing, new approaches that more specif-
ically modulate proteases in concert with secondary targets might enable
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potent combination therapies. In addition, clinical evaluation is underway for tools that lever-
age protease activity to activate therapeutics, ranging from imaging agents that monitor surgical
margins to immunotherapies with improved specificity. Technologies that interact with, measure,
or modulate proteases are poised to improve cancer management on diagnostic and therapeutic
fronts to realize the promise of precision medicine.

TOWARD IMPROVED CANCER MANAGEMENT BY LEVERAGING
PROTEASE ACTIVITY

Management of cancer will benefit from the integration of biomarkers and precision therapies.
Detection of tumors at early stages when resection is especially effective significantly improves
outcomes for both patients and the healthcare system (Etzioni et al. 2003), highlighting the
need for specific and sensitive biomarkers that can inform clinical decisions (Sawyers 2008).
Therapeutics guided by these biomarkers to precisely target the hallmarks of cancer can then
significantly impact patient outcomes. Affordability and scalability of these new tools are especially
important, as global cancer incidence has reached over 10 million new cases a year and is rising
(Kanavos 2006, WHO 2017).

Modern diagnostics and therapeutics have made significant headway with the development of
genetic biomarkers, targeted therapies, and immune modulators to enable precision medicine.
However, there are fundamental limitations in detection of cancer using blood biomarkers due
to nonspecificity, dilution, and degradation of analytes (Hori & Gambhir 2011). An additional
complication is our incomplete understanding of genotype/phenotype correlation, limiting the
broad application of genetic variants as biomarkers for precision medicine (Friedman et al. 2015).
As many biomarkers are discovered through associational studies, their biological roles may not
be fully understood. For example, the physiological role of HE4, a blood biomarker for ovarian
cancer, was not well understood when it was approved by the US Food and Drug Administration
(FDA) (Li et al. 2009). In contrast, functional biomarkers like HER2 and PD-L1 status inform
clinical decisions involving treatments with therapeutic antibodies (Topalian et al. 2012, Wolff
et al. 2007). With respect to therapeutics, novel approaches that increase tumor-specific activation
or rationally target putative resistance pathways will improve the management of cancer. This
review aims to highlight new technologies that target or leverage protease activity to tackle some
of the challenges posed above and to improve cancer management.

There are over 500 human proteases—around 2% of human genes—that play critical roles in
biology by degrading proteins (both intra- and extracellularly), activating zymogens, and regulat-
ing signaling (López-Otı́n & Bond 2008, Rawlings & Salvesen 2013) (Figure 1). Proteases are
categorized by catalytic type (metallo, cysteine, aspartic, threonine, or serine) and, together with
their inhibitors and substrates, compose the degradome (López-Otı́n & Overall 2002, Pérez-Silva
et al. 2016, Rawlings et al. 2016). Proteases play critical roles in almost every hallmark of cancer, and
numerous processes regulated by proteases are broadly dysregulated and functionally distinct in tu-
mors (Hanahan & Weinberg 2011). Because of their biological importance, protease activity is nor-
mally tightly regulated by the integration of complex signaling pathways (Overall & Blobel 2007).

Protease Biology in Cancer

While protease dysregulation in cancer has been appreciated since the 1940s, new understanding
has paved the way for technologies that use protease activity to improve cancer manage-
ment (López-Otı́n & Overall 2002). The many and diverse roles of proteases in the tumor
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Figure 1
Leveraging protease biology for improved biomarkers and therapeutics. (Left) Proteolytic enzymes play critical, fundamental roles in
numerous biological processes. (Middle) Aberrant protease function (amplified, diminished activity, or altered localization) can
contribute to numerous hallmarks of cancer in a complex manner. (Right) Technologies that assay protease activity can be used as
biomarkers in cancer; therapeutics that can perturb or leverage proteases can be developed for improved efficacy. Abbreviation: ADAM,
a disintegrin and metalloproteinase; CTS, cathepsin; DPP, dipeptidyl peptidase; HPN, hepsin; KLK, kallikrein-related peptidase;
MMP, matrix metalloproteinase; uPA, urokinase plasminogen activator.

microenvironment have been extensively reviewed, including analysis of the roles of metallopro-
teinases (Egeblad & Werb 2002, Kessenbrock et al. 2010), cathepsins (Olson & Joyce 2015), and
tissue kallikreins (Borgoño & Diamandis 2004). Additionally, proteases are important beyond
promoting tumorigenesis, and they play diverse roles in signaling pathways or tumor suppression
(López-Otı́n & Matrisian 2007). We briefly discuss proteases identified in various facets of cancer
(Figure 1) but also refer the reader to the references above for a more extensive overview.

Growth. Cell growth is controlled through signaling pathways and growth factors, which are af-
fected by protease activity. Several matrix metalloproteinases (MMPs), including MMP2, MMP9,
and MMP14, affect the bioactivity of TGF-β, which could enhance tumor growth (Kessenbrock
et al. 2010). Other proteases like ADAM10 (a disintegrin and metalloproteinase) and ADAM17
can modulate the bioactivity and availability of EGFR, resulting in tumor cell proliferation
(Kessenbrock et al. 2010). These sheddases are critical for numerous signaling processes as regula-
tors of cell surface ligands (Peschon et al. 1998). Kallikrein-related peptidases (KLKs), like KLK2,
also regulate growth factors (Borgoño & Diamandis 2004). Additionally, cathepsin B (CTSB),
CTSL, and CTSS play critical roles in lysosome catabolism necessary for cellular proliferation
(Olson & Joyce 2015). These cathepsins seem to have different roles depending on tumor type:
For example, Ctsb knockout mice have severely delayed tumor growth across several cancers, but
the knockout has no apparent effect in a model of squamous cell carcinoma. Additionally, deletion
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of Ctsb in a mouse model of breast cancer increased Ctsz expression, which may mask phenotypic
changes (Olson & Joyce 2015). Similar compensatory mechanisms have been uncovered by com-
binatorial deletion of cathepsins (Akkari et al. 2016). This complex interplay of several proteases
and their substrates in cancer growth is a cautionary lesson against targeting a single protease or
nonspecifically targeting a family of proteases.

Survival and death. Cancer cells upregulate mechanisms to prevent cell death, often by protease-
mediated signaling. For example, modulation and degradation of the Fas ligand by MMP7 and
ADAM10 may suppress caspase-mediated apoptosis (Kessenbrock et al. 2010, Mitsiades et al.
2001). Similarly, CTSS is upregulated following ionizing radiation, resulting in increased cell
survival and reduced therapeutic efficacy (Olson & Joyce 2015).

Angiogenesis. The angiogenic switch is necessary for tumors to progress from occult lesions
at 1–2 mm in diameter, ensuring appropriate exchange of metabolites and nutrients for growth
(Bergers & Benjamin 2003). MMP9 is a potent initiator of angiogenesis through the regulation of
VEGF bioavailability (Kessenbrock et al. 2010). Like MMP9, CTSS can generate proangiogenic
fragments, but other cathepsins have antiangiogenic properties. The interplay is complicated
through degradation of tissue inhibitors of metalloproteinases (TIMPs) by cathepsins and, in
turn, degradation of cystatins (cysteine protease inhibitors) by MMPs (Olson & Joyce 2015).
Similarly, KLKs regulate angiogenesis through degradation of the extracellular matrix (ECM)
and activation of MMPs, with both pro- and antiangiogenic effects (Borgoño & Diamandis 2004).

Invasion and metastasis. The spread of cancer to distant organs is enabled by the breakdown of
the ECM, which is mediated by numerous proteases, including MMPs (e.g., MMP1, MMP14),
cathepsins (e.g., CTSB, CTSL, CTSS), kallikreins (e.g., KLK3, KLK6) and other serine proteases
[e.g., hepsin, matriptase, urokinase plasminogen activator (uPA)] (Borgoño & Diamandis 2004,
Gocheva & Joyce 2007, Kessenbrock et al. 2010, Klezovitch et al. 2004, Uhland 2006). uPA plays a
critical role in ECM degradation in concert with its receptor and plasminogen in part by activating
MMPs (Borgoño & Diamandis 2004). These roles in controlling invasion can occur through
several mechanisms: KLK1 activates MMP2 and MMP9, while KLK2, KLK4, and KLK15 activate
uPA (Borgoño & Diamandis 2004).

Inflammation. Sustained inflammation can be protumorigenic through signaling with stromal
and immune cells. Activity of TNF-α, a proinflammatory cytokine, is reliant on activation by
ADAM17. Additionally, MMP8 activity increases inflammation by generating PGP (N-acetyl Pro-
Gly-Pro) and recruiting neutrophils to sites of inflammation (Kessenbrock et al. 2010). Cathepsins
and legumain have also been implicated in tissue inflammation when expressed by tumor-associated
macrophages (TAMs) (Luo et al. 2006, Olson & Joyce 2015).

Immune evasion. Proteases play several roles in protecting tumors from immune surveillance
and destruction. Processing of cytokines like CCL8 (by MMP1 and MMP3) and CXCL11 (by
MMP8, MMP9, and MMP12) modulates immune cell recruitment. ADAM17 can suppress natural
killer (NK) cytotoxicity against tumor cells by shedding major histocompatibility complex class
I–related surface proteins (Kessenbrock et al. 2010). Additionally, dipeptidyl peptidase 4 (DPP4)
truncates the chemokine CXCL10 and decreases lymphocyte trafficking to tumors (Barreira da
Silva et al. 2015).

Clearly, protease contributions to tumor pathogenesis are highly complex (Fortelny et al.
2014, Overall & Blobel 2007). The layers of regulation are further affected by the various cell
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Figure 2
Protease discovery and analysis tools. (a) Candidate proteases can be selected by assaying cancer samples for
transcripts, protein, or activity of proteases. (b) Approaches for measuring protease activity focus on either
measuring the cleavage of defined peptide substrates or binding probes to active proteases. Abbreviations:
ABP, activity-based probe; GEO, Gene Expression Omnibus; HPA, Human Protein Atlas; MS, mass
spectrometry; RNA-seq, RNA sequencing; TCGA, The Cancer Genome Atlas.

types present in the tumor site, as well as by proteolytic remodeling of the microenvironment
(Kessenbrock et al. 2010, Quail & Joyce 2013). The fact that multiple proteases can play a role in
the same biological process demonstrates redundancy, suggesting that not all cancers will share
a common proteolytic profile. Therefore, selection of target proteases to develop biomarker or
therapeutic technologies requires careful consideration and suggests the importance of identifying
signatures that incorporate multiple proteases.

TOOLS TO IDENTIFY AND MEASURE PROTEASE ACTIVITY

The dynamic in vivo control of protease function necessitates new technologies that can tackle the
problem of dissecting protease activity in disease. Furthermore, a shortfall of sufficiently specific
probes for each protease contributes to the challenge of targeting a given enzyme to locally detect
or perturb its activity. Here, we describe protease discovery strategies ranging from transcriptomic
to activity-based analyses. We additionally discuss approaches for developing better probes for
protease activity.

Selection of Candidate Proteases Involved in Human Cancers

A variety of approaches can be applied to identify proteases as candidate biomarkers or therapeutic
targets (Figure 2a; see the sidebar titled Considerations in the Selection of Target Proteases).
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CONSIDERATIONS IN THE SELECTION OF TARGET PROTEASES

The complexity of proteolytic regulation requires significant thought in the development of useful diagnostic or
therapeutic approaches. For example, early detection biomarkers should be designed around proteases that play
critical roles in tumor establishment and angiogenesis. However, proteases that play roles in metastasis may be
ideal for monitoring for metastatic recurrence after therapy. An additional avenue to explore is the noncanonical
localization of proteases in cancer. For example, several proteases with typically lysosomal localization have been
shown to be secreted by cancer cells (Olson & Joyce 2015); exploitation of these properties may further increase
diagnostic or therapeutic specificity. The broadly important nature of proteases indicates that putative targets may
also be highly expressed in other tissues elsewhere in the body (e.g., in comorbidities and healthy tissues). These false
positives can be mitigated using other ’omic tools and data sets to downselect promiscuously expressed proteases
(Table 1). For broadly expressed targets, specificity can be achieved by improving the localization of the diagnostic
or therapeutic agent (e.g., through nanotechnology) (Kwon et al. 2015) or by multiplexing. Lastly, it is important to
consider the expression of modulators of protease activity, most notably the expression of any relevant endogenous
protease inhibitors.

RNA. While protease activity is regulated by several mechanisms beyond transcription, transcrip-
tomic analyses (e.g., RNA sequencing, microarrays, NanoString) can be performed with relative
ease and low cost, creating an abundance of data available for mining. Combining transcriptomic
data with thorough clinical annotation enables rapid hypothesis testing and identification of pro-
tease expression patterns that correlate with clinical outcomes (Table 1). For example, PRSS3
(serine protease 3) was identified as upregulated in metastatic prostate cancer through analysis of
microarray data, and this relationship was validated experimentally in prostate cancer cell lines
(Hockla et al. 2012).

Protein. Proteomic analysis of tissues, biological fluids, cell lines, and other samples is a powerful
approach to identifying proteases that may be relevant to biological processes of interest (Hanash
et al. 2008, Uhlén et al. 2015). Proteomics (by immunohistochemistry or mass spectrometry) has
yielded insight into protease abundance (Table 1) (Naba et al. 2012, Uhlén et al. 2015): Several
proteases (including ADAMs and MMPs) and their inhibitors are more abundant in metastatic
cell lines (Naba et al. 2014). New technologies that improve protein-level quantification such
as SOMAscan, a highly multiplexed aptamer-based approach for measuring protein abundance,
could improve protease target discovery. SOMAscan applied to non-small-cell lung cancer patient
samples identified several proteases that play critical roles in invasion and inflammation, such as
uPA, MMP7, and MMP12 (Mehan et al. 2012).

Activity. Activity-based analyses ensure that the discovered protein is functional and therefore
more likely to play a causal role in the disease. Importantly, this approach precludes the selection
of candidate proteases whose activity is blocked by locally expressed inhibitors. One embodiment
of this category of assays is a class of molecules known as activity-based probes (ABPs) that
covalently react with the active site of a protease using a chemical warhead and that can incorporate
various recognition moieties. ABPs can profile serine hydrolases in cancer cell lines of varying
invasiveness to identify candidate enzymes ( Jessani et al. 2002). They have also been applied to
validate the activity of cysteine cathepsins identified through gene expression analysis of pancreatic
islet tumors from a transgenic mouse ( Joyce et al. 2004). However, as discussed below, these tools
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Table 1 Useful publicly available resources for protease selection and understanding

Database URL Description Reference

cutDB http://cutdb.burnham.org/ Contains endogenous substrate
information of proteases and can be
queried by disease type.

Igarashi et al.
2007

Degradome
database

http://degradome.uniovi.es/dindex.html Contains information on proteases,
inhibitors, and their orthologs.

Pérez-Silva et al.
2016

Gene Expression
Omnibus (GEO)

https://www.ncbi.nlm.nih.gov/geo/ Repository that can be queried for
expression data sets of interest.

Barrett et al.
2013

Genotype-Tissue
Expression
(GTEx) project
data set

https://www.gtexportal.org/home/ Multi-organ expression data from normal
samples, which may be useful for
downselecting promiscuously expressed
proteases.

GTEx Consort.
2013

Human Protein
Atlas

https://www.proteinatlas.org/ Contains immunohistochemistry staining
of many proteases as well as analyses in
cell lines. These data provide useful
tissue-based analysis, enabling removal of
promiscuously expressed protease
candidates.

Uhlén et al. 2015

MEROPS https://www.ebi.ac.uk/merops/ Contains information on proteases and
inhibitors, including putative cleavage
specificities for proteases and
information on potential disease roles.

Rawlings et al.
2016

The Cancer
Genome Atlas
(TCGA)

https://cancergenome.nih.gov/ Contains expression data on many cancers
and patient samples with extensive
clinical annotation.

The Matrisome
Project

http://matrisomeproject.mit.edu/ Contains data from mass spectrometry
analysis of human and mouse primary
and metastatic tumors compared to
normal samples.

Naba et al. 2012

are limited by the catalytic mechanism of the protease. Other techniques such as substrate cleavage
assays, in conjunction with alternative analytical approaches, can enable pan-protease discovery
(O’Donoghue et al. 2012).

Probe Development for Protease Activity

Two primary approaches for measuring protease activity are (a) substrates that result in sig-
nal generation after proteolytic cleavage and (b) probes that bind active proteases (Figure 2b)
(Edgington et al. 2011, Sanman & Bogyo 2014). A key feature of substrate-based probes is the
diffusion of the cleavage fragment away from the protease, which enables unique detection modal-
ities but hampers identification/localization of the target protease. Alternatively, binding-based
approaches enable the specific identification of target proteases by downstream biochemical anal-
ysis, but they directly modify the enzyme and therefore offer less flexibility in assay design and
implementation. The large number of techniques to develop these types of probes is indicative of
the challenges inherent in assaying protease activity.

Cleavage-based assays. When developing substrate probes, it can be helpful to start with the
natural protein cleavage site of the protease of interest. Powerful approaches can be used to
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understand the substrate specificities of proteases in complex mixtures, such as in cellular lysates
(Agard et al. 2012, Kleifeld et al. 2010). For example, the terminal amine isotopic labeling of
substrates approach, which identifies peptide N termini generated after proteolysis, identified
over 200 cleavage sites for MMP2 in 150 substrates using fibroblast protein homogenates
(Kleifeld et al. 2010).

However, natural substrate recognition sequences may not be ideal for use as probes due to
their presentation, specificity, or overall cleavage rate. Several peptide library–based approaches
can be used to develop probes, including positional scanning libraries (Schneider & Craik 2009),
peptide microarray technologies (Salisbury et al. 2002), fluorogenic peptides (Harris et al. 2000,
Kwong et al. 2013, Miller et al. 2011), and other mixture-based peptide libraries (Schilling &
Overall 2008, Turk et al. 2001). Each approach has its own limitations; for example, positional
scanning libraries often only provide non-prime-site specificity of the substrates (i.e., P1–P4 amino
acid positions) and do not provide information on subsite cooperativity, while peptide micorar-
rays may exhibit altered substrate presentation compared to untethered substrates. A recently
developed multiplexed substrate library for global identification of peptidase specificity with mass
spectrometry readouts has shown promise for identifying substrates to assay protease activity in
biological samples and for providing substrate specificity across protease types (O’Donoghue et al.
2012). This tool enables rapid screening for specific probes using cancer biopsy tissues. Addition-
ally, unnatural amino acids have been incorporated into peptide libraries and often result in more
selective probes, as was recently demonstrated for neutrophil elastase (Kasperkiewicz et al. 2014).

Evolution-based display technologies have also been used to identify better substrates for pro-
teases and may become more powerful with higher-throughput sequencing and improved bioin-
formatics (Deng et al. 2000, Ratnikov et al. 2009). For example, phage display can be applied to
complex samples to find probes that are selectively activated in the tumor by performing parallel in
vitro and in vivo selection (Whitney et al. 2010). However, it is difficult to assay the kinetics of sub-
strate cleavage with these approaches due to the single timepoint measurement, which may result
in the selection of specific probes with poor cleavage rates. Another screening approach using cel-
lular libraries of peptide substrates (CLiPS) involves tethered protease substrates on the surface of
Escherichia coli, where cleavage can be monitored by flow cytometry (Boulware & Daugherty 2006).

Understanding of protease binding pockets can further improve hit substrates. For example,
the use of a traditional Förster resonance energy transfer substrate that subsequently incorporated
unique analogs that fit into the substrate pocket of MMP9 resulted in a markedly improved probe
for the activity of MMP9 that was not cleaved by other MMPs (Tranchant et al. 2014).

However, substrate promiscuity for small peptides is common, highlighting the importance
of multiplexing. This can be achieved by profiling many proteases simultaneously to provide
specificity maps and to potentially deconvolve protease signals (Kwong et al. 2013, Miller et al.
2011, O’Donoghue et al. 2012). Ultimately, as tumor-specific protease profiles are generated,
multiplexed substrate-based technologies could be developed to target proteolytic signatures.

Binding-based assays. Alternatively, probes that bind active proteases serve as a valuable tool
in assaying function by enabling direct identification of the bound enzyme (Edgington et al.
2011). The primary class of these are ABPs that covalently bind into the active site of proteases,
typically by reacting with a nucleophile on the protease or using a photocrosslinking step for
metalloproteinases and aspartyl proteases (Cravatt et al. 2008, Sanman & Bogyo 2014). The
design and development of numerous ABPs have been reviewed recently and readers are referred
to Sanman & Bogyo (2014) as a useful resource (see the sidebar titled Activity-Based Probes). As
a separate approach, several antibodies have been generated to recognize only active proteases by
binding either the active site or other epitopes veiled in zymogens, enabling their use as probes
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ACTIVITY-BASED PROBES

As discussed in the text, ABPs have wide-ranging utility, from discovery of candidate proteases to in vivo imaging.
The key feature that enables covalent attachment of ABPs is the reactive functional group that binds to the protease
of interest. Several variant reactive groups have been developed to profile different classes of proteases, but significant
challenges remain in the design of such probes for aspartyl proteases and metalloproteinases (Sanman & Bogyo
2014). Approaches for ABPs for MMPs typically require a photocrosslinking step to lock in the probe near the
protease (Saghatelian et al. 2004). Target specificity for proteases can be enhanced by using a recognition domain,
for example, by using protease inhibitors or substrates as the reactive warhead (Cravatt et al. 2008, Sanman & Bogyo
2014). Many of the approaches for making peptide substrates discussed in the main text can also be used to select
the recognition sequence in the ABP.

(Darragh et al. 2010). Binding-based probes can be engineered to be highly specific for a single
protease, which can obviate multiplexing for well-validated targets.

PROTEASE ACTIVITY AS A FUNCTIONAL BIOMARKER OF CANCER

Biomarkers are objectively measured indicators of pathological processes or of response to treat-
ment and have an incredible potential to impact disease outcomes (Figure 3a) (Inst. Med. 2007,
La Thangue & Kerr 2011, Sawyers 2008). However, many biomarkers are disease by-products
and are only correlated (or associated) with the disease; therefore, their clinical use is often plagued
by insufficient sensitivity and specificity (Prensner et al. 2012). In contrast, assaying for biomark-
ers that are causal in disease progression may improve patient care by being more predictive.
As proteases play critical roles in cancer progression, protease activity measurements may serve
as robust biomarkers (Figure 3b). Additionally, protease-based biomarkers have the potential to
outperform clinically approved blood biomarkers, which often suffer from low sensitivity (Hori
& Gambhir 2011), by leveraging the catalytic nature of proteases for signal amplification (Kwong
et al. 2015).

Biomarkers can be deployed for screening and detection, prognosis, prediction of therapeutic
efficacy, and monitoring of therapeutic response (La Thangue & Kerr 2011, Prensner et al. 2012,
Sawyers 2008). The design criteria for a good biomarker will necessarily be informed by the type
of biomarker needed (Figure 3a; see the sidebar titled Considerations in the Selection of Target
Proteases). Additionally, the need for biomarkers varies across cancer type: For example, prostate
cancer care could be most improved by prognostic biomarkers that stratify aggressive disease at
the time of diagnosis (Prensner et al. 2012), while ovarian cancer care may be most impacted by
achieving early detection, as a majority of patients are diagnosed at late stages (Brown & Palmer
2009, Natl. Cancer Inst. 2017).

Early Detection and Diagnosis

The first steps in enabling therapeutic intervention are accurate detection and diagnosis, either
from screening efforts or upon clinical presentation. Numerous detection approaches function by
imaging the proteases involved in the early stages of cancer progression. The most common tools
are substrate-based probes that fluoresce, typically in the near-infrared spectrum, upon proteolytic
cleavage in the tumor microenvironment (Grimm et al. 2005, Hilderbrand & Weissleder 2010,
Weissleder 2006, Weissleder et al. 1999). For example, the ProSense R© probe (from PerkinElmer),
which generates a signal upon cathepsin cleavage, resolved millimeter-sized tumors in a mouse
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b Technology Methodology Advantages and caveats
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Figure 3
Protease activity measurements as biomarkers. (a) Biomarkers can guide management throughout disease progression, ranging from
screening platforms to measuring efficacy of therapeutics. (b) Technologies being developed to assay protease activity as biomarkers in
cancer. Thematically, these approaches image proteolysis in vivo, rely on renal clearance of cleavage fragments in vivo to achieve urine
readouts, or measure proteolysis ex vivo. Abbreviations: ABP, activity-based probe; ACPP, activatable cell-penetrating peptide; MMPs,
matrix metalloproteinases.

model of lung cancer using three-dimensional fluorescence molecular tomography (Grimm et al.
2005). A newly developed analogous technique called magnetic resonance tuning involves sepa-
rating a paramagnetic enhancer molecule from a superparamagnetic quencher using a protease
cleavable substrate. Upon proteolysis, the T1 signal is increased (Choi et al. 2017). This new
technology could overcome many of the limitations of optical imaging protease activity in vivo.

Other approaches involve material changes to probes that can be imaged upon proteolysis of a
substrate. One technique releases a cell-penetrating peptide, termed activatable cell-penetrating
peptide (ACPP), to image cancer cells after proteolysis, typically by MMPs ( Jiang et al. 2004). This
technology has been improved with ratiometric dye ACPPs (RACPPs), where two dyes are placed
on the same ACPP (Savariar et al. 2013), or with nanoparticles for dual fluorescence imaging and
magnetic resonance imaging (MRI) (Olson et al. 2010). Similarly, hydrophobic molecules contain-
ing a positron-emission tomography (PET) agent can be released from a hydrophilic domain after
proteolysis to enhance tumor-specific PET signals (Chuang et al. 2012). Substrate cleavage meth-
ods have also been used to drive iron oxide nanoparticle self-assembly to alter T2 measured by MRI
(Harris et al. 2006, von Maltzahn et al. 2007) or to unveil bioactive motifs presented on the particle
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surface (Harris et al. 2008). Nanoparticle systems offer numerous multimodal advantages that have
been used for various applications in protease detection (Kwon et al. 2015, Welser et al. 2011).

Alternatively, binding-based imaging probes have been developed for protease detection. Ex-
amples include antibodies developed to detect tumors expressing active matriptase, which is up-
regulated in many cancers (Darragh et al. 2010, LeBeau et al. 2013). Additionally, quenched ABPs
(qABPs) have been used to image tumors in vivo (Blum et al. 2007, Edgington et al. 2013, Verdoes
et al. 2013). qABPs can also query features of tumors such as inflammatory state, as demonstrated
by a probe specific for legumain (Edgington et al. 2013), which is highly expressed in TAMs (Luo
et al. 2006). An important strength of ABPs in comparison to antibodies is their capacity to enter
cells to image intracellular proteases. These probes have also shown promise in imaging prote-
olytic activity in excised tissues, which may prove valuable in rapidly analyzing surgical samples
(Withana et al. 2016).

In contrast to imaging approaches that limit multiplexing, our lab has developed protease-
responsive nanoparticles termed synthetic biomarkers, where proteolytic cleavage liberates small
reporters that are cleared by the kidney and detected in the urine (Kwong et al. 2013). Synthetic
biomarkers offer sensitivity advantages in tumor detection due to enzymatic amplification and renal
concentration of reporter fragments. Detection of the urinary fragments can be highly multiplexed
with heavy isotope-encoded peptide barcodes detected by mass spectrometry (Kwong et al. 2013)
or ligand-encoded barcodes detected by ELISA (Warren et al. 2014b), digital ELISA (Warren et al.
2014a), and point-of-care paper-based assays (Dudani et al. 2016, Warren et al. 2014b). Ten-plex
synthetic biomarkers that were responsive broadly to MMPs outperformed a clinically approved
blood biomarker, CEA, in a mouse model of colorectal cancer (Kwong et al. 2013). A recently built
mathematical framework for synthetic biomarker performance in vivo identified strategies for ul-
trasensitive tumor detection for diameters below 5 mm, which is the current limit for many imaging
modalities (Kwong et al. 2015). Leveraging the insights from this mathematical model, researchers
engineered a more sensitive synthetic biomarker, using a single substrate for MMP9, to detect small
tumor lesions by combining improved substrate presentation with molecular targeting techniques,
resulting in an order-of-magnitude improvement in the limit of detection (Kwon et al. 2017).

Prognostic

Identifying patients that are likely to progress rapidly and need therapeutic intervention is essential.
There are numerous proteases with apparent upregulation in patients with recurrent cancer. For
example, breast cancer patients with elevated MMP9 have decreased survival and increased relapse
rates, possibly due to the increased invasive potential of tumors (Dufour et al. 2011).

Several of the approaches discussed above have shown promise as prognostic biomarkers. For
example, RACPPs identified invaded lymph node metastases, with fluorescent signal correlating
with percent lymph node invasion (Savariar et al. 2013). Sustained fibrosis and inflammation
can often lead to cancer, so classifying advancing or resolving fibrosis may provide insight into
tumor progression; when administered to mice with resolving liver fibrosis, synthetic biomarkers
were able to identify mice with resolving disease at earlier timepoints than histopathological slide
analysis (Kwong et al. 2013). The activity of proteases that play a causal role in cancer pathogenesis
could predict pathology prior to current gold standards, although these approaches need to be
evaluated in a clinical setting.

Companion and Pharmacodynamic

Pairing diagnostic and therapeutic strategies is essential for precision medicine. Novel protease-
activated therapeutics could be paired with technologies to assay tumor proteolytic signatures or
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predict patient response for improved potency and therapeutic development. Recently, our lab has
developed a pair of technologies that can be selectively activated in the tumor microenvironment
in vivo to report on local protease activity. One approach uses a photolabile protecting group
to unmask a protease substrate only upon treatment by light at the site of disease (Dudani et al.
2015), while another approach releases protease substrates into the microenvironment from a ther-
mosensitive liposome after triggering with alternating magnetic fields (Schuerle et al. 2016). These
approaches can be more readily multiplexed with urinary readouts to assess multiple substrates
across a range of tumor models. Alternative techniques discussed above could be applied similarly.

Pharmacodynamic monitoring enables the rapid evaluation of drug efficacy. Many techniques
can monitor caspase activity as pharmacodynamic biomarkers of apoptosis, including caspase-
targeted ABPs to monitor the efficacy of a monoclonal antibody mimic of TRAIL (Edgington
et al. 2009) and a caspase-triggered assembly of nanostructures to image the dynamics of tumor
response to doxorubicin (Ye et al. 2014). Similarly, a quenched MMP substrate was able to report
on the efficacy of the MMP inhibitor, prinomastat, in vivo (Bremer et al. 2001). These approaches
may also become useful as new protease-targeted therapeutics advance.

Disease Kinetics and Monitoring

Serial monitoring of protease activity in patients following treatment may provide early indicators
of relapse. These assays often need to be simple and performed at the point of care, which is
more feasible with ex vivo protease assays such as zymography or some of the imaging assays
mentioned above (Vandooren et al. 2013). Active proteases have been found in numerous biological
samples, including urine and blood (Roy et al. 2009), which might serve as a useful proving ground
for the development of biomarkers that measure protease activity. Other approaches for rapid,
multiplex profiling of clinical samples for protease activity include microfluidic sampling and
measuring cleavage of fluorogenic peptide substrates in droplets (Chen et al. 2013). One risk of
these approaches is that protease activity detected in the circulation may not accurately reflect
the local pathology, as the enzymes largely act in the tumor microenvironment. Alternatively,
measuring endogenous protease cleavage fragments could be useful as a monitoring paradigm;
studies have found differential exoprotease activity between cancer types that generated unique
peptide fragments in serum, which provided unique signatures for prostate, bladder, and breast
cancer (Villanueva et al. 2006).

A different approach to monitoring therapeutic response in vivo used a radiolabeled antibody
probe for active KLK2 to image the androgen receptor (AR) pathway in prostate cancer, which
is an important therapeutic target (Thorek et al. 2016). KLK2 is regulated by the AR pathway,
and the radiolabeled antibody was able to monitor the response to castration in xenograft cancer
models and genetically engineered mouse models. This probe showed improved specificity of
measuring KLK2 versus standard-of-care measurements of PSA (KLK3) in serum and imaging
using 18F-sodium fluoride, demonstrating the critical importance of protease biomarker selection.

Emerging Approaches

Many exciting new techniques to assay protease activity are under development and may find
unique biomarker applications. One example uses endogenous proteases in samples to activate
circuits built using principles of synthetic biology (Stein & Alexandrov 2014). Additionally, ap-
proaches that provide information on multiple aspects of tumor biology beyond protease expres-
sion (e.g., hypoxia, pH, metabolism) may become valuable for more complete understanding of
tumor pathology. In one example, labeled sugar molecules were caged by a peptide to prevent
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Figure 4
Protease therapeutic approaches. (a) Types of therapeutic strategies to harness protease activity that have
shown promise. These include image-guided surgery, cancer cell targeting with various therapeutics,
immune cell targeting (e.g., T cells, macrophages, natural killer cells), and tumor microenvironment
targeting. (b) Protease inhibition can be therapeutic directly (by blocking cancer-promoting functions) or
indirectly (by modulating the efficacy of other drugs). (c) Proteases can act as triggers to activate various
types of therapies, such as antibodies and nanomaterials.

incorporation unless cleaved by KLK3/PSA; this approach could be expanded to provide infor-
mation on both protease expression and glycan biosynthesis in cancer (Chang et al. 2010).

THERAPEUTIC TARGETING OF PROTEASE ACTIVITY

Proteases have been attractive therapeutic targets due to their critical roles in cancer (Figure 4).
While these discussions focus on the signaling and extracellular matrix functionalities of proteases,
there are also diverse roles for proteases in the proteasome and elsewhere that can be therapeutically
targeted (reviewed by Manasanch & Orlowski 2017, among others). Studies in the 1990s and 2000s
targeted MMPs with inhibitors with the simple hypothesis that broad inhibition would hinder
cancer progression; these treatments were ineffective due to an underdeveloped understanding of
the disease process and the broad-spectrum nature of these therapeutics (Coussens et al. 2002).
More nuanced understanding of protease biology and more selective therapies have renewed
interest in proteases as therapeutic targets. Novel protease-targeting strategies potentiate efficacy
of or minimize resistance to other therapies (Figure 4b). Analogous to prodrugs, another strategy
uses protease activity to trigger therapeutic release without directly modulating the enzyme itself
(Figure 4c).

Therapeutic Inhibition of Active Proteases

Past failures in broad-spectrum protease inhibitors demonstrated the importance of target se-
lection and pharmacologic specificity (Coussens et al. 2002, Vandenbroucke & Libert 2014).
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Increased specificity can be achieved by new screens that use ABPs as the readout, enabling si-
multaneous testing of a compound on both on- and off-target enzymes (Bachovchin et al. 2014).
Alternatively, targeting unique structural sites such as the hemopexin domain of MMP9, which is
not highly conserved across MMPs, has the potential for improved selectively and efficacy (Dufour
et al. 2011).

Biologics enable new applications and targets typically inaccessible to small molecule ap-
proaches. For example, therapeutic antibodies specific to activated proteases have been evaluated
in preclinical tumor models (Devy et al. 2009, Marshall et al. 2015). An allosterically binding
MMP9 antibody significantly reduced tumor burden and metastasis in an orthotopic colorectal
cancer mouse model without inducing toxic effects seen in broad-spectrum inhibitors (Marshall
et al. 2015). Antibody variants (e.g., camelids) and antibody-like molecules (e.g., knottins) could
further improve therapeutic targeting of proteases (Kromann-Hansen et al. 2016). In one exam-
ple, camelid-like features were incorporated onto a human antibody scaffold to identify potent
inhibitors of MMP14 (Nam et al. 2016). Therapeutics like these could uniquely target extracellular
signaling and processing.

Modulating Protease Biology to Enhance Therapies

Beyond simple inhibition, proteases can modulate immune function and mediate therapeutic re-
sistance; many research groups have investigated combination therapies to thwart resistance or
potentiate existing treatment. Proteolytic pathways that elicit therapeutic resistance are enhanced
in doxorubicin-treated cancer cells; in one example, MMP7 cleaved Fas ligand off the cell surface,
resulting in decreased cell death (Mitsiades et al. 2001). In similar studies, MMP9 had a tumor-
protective effect and elimination of MMP9 improved treatment efficacy (Nakasone et al. 2012).
Cathepsins also promote therapeutic resistance, which can be counteracted by cathepsin inhibitors
(Olson & Joyce 2015). Counter to the idea that increased protease activity supports resistance,
MAPK inhibition decreases receptor shedding by proteases like ADAM10 and ADAM17, in-
creasing cell signaling and growth; neutralizing the cognate inhibitor TIMP1 rescued therapeutic
efficacy (Miller et al. 2016).

Proteolytic involvement in immune system evasion by tumors constitutes an additional route
to potentiate immunotherapies. For example, DPP4 modifies chemokines to prevent lymphocyte
trafficking to tumors, and DPP4 inhibition with sitagliptin (used clinically for type II diabetics)
improved tumor control alone and in combination with adoptive T cell therapy or checkpoint in-
hibitors (Barreira da Silva et al. 2015). Additionally, NK cells, which engage in antibody-dependent
cellular cytotoxicity, express CD16, which can bind the Fc portion of therapeutic antibodies to
kill tumor cells. The shedding of this receptor is partially regulated by metalloproteinases; in
combination with therapeutic antibodies or bispecific NK cell engagers, metalloproteinase inhi-
bition potentiated NK cell function by sustaining CD16-mediated signaling (Romee et al. 2013,
Wiernik et al. 2013, Zhou et al. 2013). These therapeutic strategies provide exciting options for
next-generation and combination immunotherapies.

Active Proteases as Therapeutic Triggers

Protease-activated therapeutics have existed since the 1980s as protease-cleavable moieties coupled
to chemotherapies (Choi et al. 2012). Novel protease-triggered therapeutics incorporate more
sophisticated activation strategies in the tumor microenvironment, which is particularly useful for
therapeutics with dose-limiting off-target toxicity (Figure 4c).
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Bioactive peptides. Peptides are small and may be synthetically manufactured with relative
ease. More than 60 FDA-approved peptide therapeutics are on the market, with a multitude of
mechanisms of action; at least 140 additional peptide therapeutics are in various stages of clinical
development (Fosgerau & Hoffmann 2015). One class is ACPPs. ACPP-guided surgery improved
survival in two xenograft mouse models and is currently being evaluated by Avelas Biosciences
in a phase I trial for breast cancer surgery (Nguyen et al. 2010). Another ACPP approach uses
a cyclic RGD to first bind αvβ3 integrins; following proteolysis by MMP2, the peptide delivers
chemotherapeutics intracellularly (Crisp et al. 2014). In a related approach, protease-masking
domains cleaved by PSA or PSMA were coupled to pore-forming peptides (LeBeau & Denmeade
2015). This approach is compatible with exoproteases like PSMA, in contrast with ACCPs, which
have typically required endoprotease cleavage.

Beyond enhanced cellular accumulation, another class of protease-activated cyclized peptides
potentiate tumor penetration. Identified by phage display, these tumor-penetrating peptides bind
to a primary tumor–associated receptor (e.g., integrins) and are cleaved by a protease to expose a
secondary binding domain for neuropilin-1, which initiates tumor penetration and potentiation of
drug delivery (Ruoslahti et al. 2010). It is possible to engineer different cleavage domains to modify
protease specificity; for example, a uPA consensus cleavage domain was incorporated into tumor-
penetrating peptide domains and combined with RGD for integrin binding (Braun et al. 2016).
This approach allows therapeutics to more specifically match the protease profiles of patients as
identified by companion diagnostics.

Antibodies. Therapeutic antibodies account for a significant fraction of cancer therapeutics and
are now driving the immune oncology revolution with checkpoint blockade drugs. However, many
antibodies and antibody-drug conjugates (ADCs) have significant toxicity. To mitigate off-target
release of drug molecules from antibodies, researchers have engineered cleavable linkers sensitive
to lysosomal proteases (Doronina et al. 2003). Brentuximab vedotin, an FDA-approved ADC
developed by Seattle Genetics, targets CD30 overexpressed in lymphomas and is conjugated to an
antimitotic drug (vedotin) by a cathepsin-cleavable linker. This allows for selective drug delivery
to tissues with high protease activity (both extracellular and intracellular).

Another exciting technique masks antibody binding using linkers cleaved by extracellular
tumor–associated proteases (Desnoyers et al. 2013). This so-called probody technology, devel-
oped by CytomX, improves specificity based on tumor protease expression and therefore can more
broadly target expressed antigens of interest. One example is a modified EGFR antibody with a
masking substrate identified through the CLiPS approach described above; the resultant probody
only binds EGFR following cleavage by matriptase, uPA, or legumain. Another probody targeting
PD-L1 is under evaluation in phase I studies. Similarly, MMP1-cleavable masking domains have
been applied to Affibodies (pro-Affibody), a type of antibody mimic (Sandersjöö et al. 2015). As
next-generation protein therapeutics are engineered, improving specificity by leveraging protease
activity will be an attractive approach.

Nanomaterials and polymeric conjugates. Nanomaterials are promising anticancer agents, in
part due to their ability to carry various therapeutic cargos and to engineer emergent function into
nanosystems, including protease-responsive elements (Kwon et al. 2015). One approach releases
therapeutic drugs upon disruption by protease cleavage, such as polymer-caged liposomes that
become highly unstable after cleavage by uPa to enable burst release of therapeutics (Basel et al.
2011). Another approach for rapid drug release used silica nanoparticles with MMP-degradable
polymeric coatings (Singh et al. 2011).
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Similar to probodies, an alternative approach unveils responsive elements on nanoparticles
following proteolysis. Lipid nanoparticles generally suffer from nonspecific liver accumulation;
protease-based approaches may enable nonliver targeting. For example, incorporating polyethy-
lene glycol (PEG)-ylated lipids with an MMP-cleavable linker into lipid nanoparticles improves
on-target delivery of small interfering RNA by increasing nanoparticle binding to tumor cells
(Hatakeyama et al. 2011). Others have harnessed nanomaterials with proteolytically unveiled cell-
penetrating motifs (e.g., TAT peptide) to internalize paclitaxel (Zhu et al. 2013). These approaches
should be generalizable to various cargo and material types (Harris et al. 2006, 2008) such as com-
bination therapies with short hairpin RNA and small molecules (Huang et al. 2013) or intracellular
delivery of proteins using nanocapsules (Biswas et al. 2011).

An additional approach under clinical evaluation is imaging of protease activity using
a quenched fluorophore peptide-polymer (PEG) conjugate that detects cathepsin activity
(Whitley et al. 2016). Here, the protease imaging agent is combined with a handheld imaging
device that provides real-time, high-resolution imaging during debulking surgery to improve sur-
gical margins. The probe is strongly activated in mouse xenograft tumors and in human patients
with soft tissue sarcoma or breast cancer; this technology is being developed by Lumicell and is un-
der evaluation in phase II trials. Protease responsive materials can also be integrated into carriers:
An emerging alternative to PEG is XTEN, a biologically produced repetitive polypeptide under
development by Ammunix, which extends the half-life of proteins like PEGylation does but with
greater homogeneity and biological functionality (Schellenberger et al. 2009). In one example of
this approach, XTEN was synthesized with an ACPP domain and a cytostatic/cytotoxic peptide
agent on a single plasmid (Haeckel et al. 2016).

Emerging biologics (toxins, viruses, and cellular therapies). With the success of therapeutic
antibodies, next-generation biologics with diverse functions are being explored. Bacterial toxins
(e.g., anthrax and diphtheria toxin) are biologically inspired technologies that are being leveraged
for tumor treatment and therapeutic cargo delivery. The protective antigen (PA) on anthrax toxin
is normally processed by furin-like proteases to oligomerize and provide binding sites for other
toxin components. These PA cleavage sites can be modified to target cancer cells expressing MMPs
(Liu et al. 2000) or uPA (Liu et al. 2003). Such approaches, combined with altering lethal factor
binding sites, have shown exceptional specificity and low toxicity in mouse models of melanoma
(Liu et al. 2005). Toxins can also be linked to antibody fragments to form immunotoxins, which
may benefit from protease specificity redirection (Pastan et al. 2007).

Oncolytic viruses represent another class of emerging biologics. These viruses can directly kill
tumor cells and subsequently activate antitumor immunity (Kaufman et al. 2015). Reprogram-
ming viral specificity through protease activity may improve their efficacy; one example is the
engineering of proteolytic activation into a Sendai virus by replacing a tryptic cleavage domain
in the fusion glycoprotein with an MMP-cleavable linkage (Kinoh et al. 2004). The resulting on-
colytic virus spread in a xenograft tumor that expressed active MMPs and significantly inhibited
tumor growth. Measles virus may be similarly engineered to be activated by MMPs and uPA for
the treatment of hepatocellular carcinoma (Mühlebach et al. 2010). Bacterial therapeutics are also
under development with advances in synthetic biology circuits to encode advanced functions, such
as releasing or detecting enzymes based on quorum sensing (Danino et al. 2015, Din et al. 2016).
These could be developed to sense and respond to proteolysis in the tumor microenvironment.

With advances in manufacturing and improved vectors, cell therapies are poised for clinical
impact. Chimeric antigen receptor (CAR) T cells are engineered ex vivo to specifically retarget
cytotoxic T cells to tumor antigens and have shown significant clinical promise but are often
limited by systemic toxicity. An approach to mitigate off-target recognition is the addition of
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protease-cleavable masks (similar in nature to the probody) that are removed by uPA, matriptase,
and legumain (Han et al. 2017). In this study, the masked CAR T cell had improved specificity
while retaining similar efficacy to unmasked variants in a lung xenograft, although clinical
evaluation is pending.

SUMMARY POINTS

1. Proteases are involved in every hallmark of cancer but often have complex roles. Redun-
dancy in protease action and variation in protease expression by organ microenvironment
and tumor type underline the importance of validating protease levels and activity in the
human cancers of interest.

2. Several approaches have been developed to identify candidate proteases. Using probes
that directly measure protease activity is ideal, but this is balanced by the lack of available
data and tools compared to more standardized approaches, such as RNA sequencing.

3. Protease activity is often promiscuous and designing selective probes can be challenging.
Multiplexing probes may enable specific protease activity measurements.

4. Functional biomarkers are likely more predictive for tumor progression than associated
biomarkers. Activity-based biomarkers that can amplify protease signals might enable
more sensitive cancer detection.

5. Numerous platform technologies have been developed to measure protease activity as
biomarkers of cancer, but these must be evaluated in patients.

6. The complexity of protease function in cancer suggests that it is important to target
them in combination with other therapies; for example, inhibiting proteases to potentiate
therapies that target another aspect of cancer biology could improve outcomes.

7. Protease-triggered therapies can benefit from improved pharmacokinetics by tumor mi-
croenvironment activation. This consideration is especially important when applied to
potentially toxic therapeutic modalities (e.g., potent immunotherapies).

8. New approaches like protease-activatable toxins, oncolytic viruses and cellular therapies
may similarly benefit from selective activation in the tumor microenvironment.

FUTURE ISSUES

1. It will be necessary to understand differences between protease-level changes and
cleavage-level changes caused by protease dysregulation (e.g., to understand compen-
satory changes due to protease modulation).

2. What is the patient-to-patient variance in protease activity for a given cancer type and
site? How does this compare to variation between different tumor types?

3. Global identification of protease activity in human samples that is integrated with other
’omic data will enable the rapid development of future protease-targeted technologies.

4. Development of exquisitely sensitive probes for all proteases in the human genome will
more readily enable technologies for clinical translation.

5. Emerging therapeutics and diagnostics should leverage improved basic knowledge of
protease biology and use improved substrate designs.
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6. Using protease activity, is it possible to develop signatures for pan-cancer detection? How
many simultaneous in vivo protease activity measurements are feasible or necessary?

7. Can protease activity measurements and therapeutics be integrated to improve patient
care?
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López-Otı́n C, Matrisian LM. 2007. Emerging roles of proteases in tumour suppression. Nat. Rev. Cancer
7(10):800–8
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