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IMPROVING CANCER
SURGERY THROUGH
ENZYME-ACTIVATED
FLUORESCENT PROBES

Cancer is the second cause of death worldwide, despite continuous

research efforts in the pursuit of better treatments. One of the most

promising developments is that of cancer imaging, which aims to

help clinicians visualize tumors within the body. Professor Matthew

Bogyo and his team from Stanford University have developed

fluorescent probes that can be injected into patients prior to

cancer surgery. The probes emit fluorescence once in the tumor

microenvironment, helping surgeons to distinguish cancer tissue

from the surrounding healthy tissue to enable complete removal of

the cancer and ultimately, improve patient outcomes.

Visualizing the Enemy

With a global death toll exceeding 9
million a year, cancer is the second
leading cause of death worldwide. The
World Health Organization estimates
that globally, 1in 6 deaths are due

to cancer. This results in significant
economic impact on healthcare budgets
around the world, and of course, hugely
detrimental impacts on the social and
emotional wellbeing of patients and
their families.

Thanks to advances in research, several
treatment approaches are available in
the effort to manage cancer, including
chemotherapy, immunotherapy, and
other forms of targeted drug treatments.
Although any of these could serve as a
primary cancer intervention, surgery is
currently the most common for virtually
all types of solid tumors.

The overall success of surgical
intervention is dictated by the extent
to which all cancer cells can be
effectively removed from the affected
organ while sparing as much of the

surrounding healthy tissue as possible.
Excess removal of tissue often leads

to significant complications, while
incomplete removal leads to increased
recurrence rates (in the region of
30-65%) and the need for repeated
surgeries (20-50% in breast cancers),

causing considerable stress and anguish

among patients.

Cancerimaging aims to help clinicians
visualize tumors within the body,
enabling both selective and sensitive
detection of the tumor boundaries
through the use of imaging contrast
agents which have the potential to
positively impact surgical treatment
outcomes of many types of cancer.

Professor Matthew Bogyo and his
colleagues at Stanford University have
successfully developed and optimized
the use of molecular probes that allow
the real-time visualization of the tumor
margins, enabling surgeons to achieve
the complete removal of cancer tissue,
thus minimizing the risks of cancer
reoccurrence and metastasis.
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Enhancing the Selectivity of
Contrast Agents

Despite the many advantages of
fluorescence-guided surgeries (FGS),
there are currently no Food and Drug
Administration (FDA) approved optical
contrast agents. The current challenge
to this is achieving sufficient selectivity
of contrast agents, as many of the
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established cancer targets are expressed in both healthy and
tumor tissues.

To selectively target cancer cells, Professor Bogyo and his team
have focused on developing contrast agents that produce
fluorescence signals only within the tumor microenvironment.
They achieved this by engineering smart probes that can only
emit fluorescence when processed and cleaved by proteases

that are highly expressed in tumor tissues.

Proteases are enzymes responsible for breaking down
proteins into smaller molecules. Increased levels of one
family of proteases, the cysteine cathepsins, can be found in
tumors and are associated with growth and metastasis. This
family of enzymes is also present in other pathologies such
as inflammation and arthritis. Therefore, the contrast agents
being developed in the Bogyo Lab could also be used for the
detection and treatment of other diseases.

In 2005, Professor Bogyo and his team demonstrated for
the first time that cathepsin-targeted fluorescent probes
are effective in mouse models of cancer using non-invasive
imaging methods. Then in 2015, they further reported on
the development and optimization of a series of cathepsin-
fluorogenic probes compatible with existing clinical
instrumentation for use in FGS, demonstrating that they are
suitable for the detection of diverse cancer types including
breast, colon, and lung tumors using surgical robots.

Coming up with the optimal smart probes was not an easy
task. Professor Bogyo and his team tested various molecular
structures to facilitate the enzyme-assisted cleaving of the
fluorophore. After numerous attempts, they developed a final,
optimized probe, named 6QC-NIR, which was administered in
a mouse model of breast cancer. The probe provided sufficient
contrast to differentiate the tumor from normal surrounding
tissues in less than 1 hour after administration. This facilitated
the surgical removal of both primary and secondary tumors,
which were buried deep within the tumor bed.

Having established the 6QC-NIR probe, Professor Bogyo’s team
continued to look for ways to improve the contrast agents

and their detection capabilities. In a paper published in 2017,
Professor Bogyo’s team reported on the contrast capabilities
of another fluorophore, indocyanine green (ICG), which they
used in the development of the 6QC-ICG smart probe to

better suit the capabilities of clinical imaging systems. Their
studies in mice showed that the 6QC-ICG probe resulted in an
overall brighter signal compared to the one generated by the
previously developed 6QC-NIR probe.

AND-gate Contrast Agents

The single greatest challenge for the use of protease substrates
as smart probes is optimizing their selectivity. The problem

is there is a need to make sure the probes are only processed
by the intended protease but unfortunately, many proteases
are found both in healthy tissue and within the tumor
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microenvironment. This makes it challenging to generate a
signal only in the tumor tissue and not in the surrounding
normal healthy tissues.

To solve this problem, Professor Bogyo and his team further
developed imaging probes using an ‘AND-gate’ strategy in
which multiple protease activities must be present to activate
the probe. The term ‘AND-gate’ is a Boolean logic element
commonly used in computer science. It represents a system
that requires at least two inputs to produce a single output - in
this specific case, the generation of fluorescence.

AND-gate probes represent a significant advance because they
produce an optical signal only when multiple reporters are
processed within the tumor microenvironment, rather than

a single proteolytic event by a single protease. This results in
greatly increased contrast over healthy tissue when compared
with single-parameter probes.

The first AND-gate probe, named DEATH-CAT-1, used substrates
that are cleaved by cysteine cathepsins and caspases proteases
that regulate cell death - thus the name DEATH-CAT. Although
all tissues contain some level of active cathepsins, caspases are
activated only during the late stage of apoptosis, a process of
programmed cell death, which typically does not take place in
healthy tissues. However, cell death is triggered within tumors
as the result of events such as nutrient and oxygen starvation.
This ‘two-step enzyme verification’ reduces background signals
in the healthy normal tissues.

Professor Bogyo and his team changed the probe’s linker to
resist cleavage by proteases other than the two primary target

enzymes in the tumor microenvironment. They also replaced
the ICG dye with FNIR dye to prevent aggregation and increase
water solubility. The new DEATH-CAT-FNIR probe had fast
activation, an overall high signal, good stability, and was able to
locate cancer lesions with a diameter of less than 1 mm.

Overall, the data presented by the team confirm the value of the
AND-gate approach, which significantly improves the specificity
and sensitivity of optical probes. Critically, AND-gate probes
will enable surgeons to visualize metastatic lesions in real

time during FGS, improving patient outcomes and preventing
removal of healthy tissue, while at the same time decreasing
the risk of relapse due to incomplete removal of tumor tissue.

Future Directions

Professor Bogyo and his colleagues continue to expand their
work, fine-tuning probes to make them more widely applicable.
In their latest research, they have shown that it is possible to
accelerate and enhance the process of probe design by the
direct screening of diverse substrate libraries obtained directly
from diseased tissue extracts.

Professor Bogyo and his team have recently screened libraries
of protease substrates directly in mouse breast cancer tissues
to identify the optimal peptide sequences to incorporate into
the design of next generation optical probes. This approach
has resulted in new probes with increased overall signals in
tumor tissues. These probes are not only brighter but are able
to distinguish human breast cancer from adjacent mammary
tissue. Critically, this suggests that it should be possible to use
tissue from relevant animal models or even human biopsy
tissue to build optimal smart-optical probes for use in specific
types of human cancers.

In principle, this approach should work for the identification
of optimal substrates for any enzyme that is active during
given pathological processes. Therefore, this strategy could
be applied to any diseases involving inflammation, such as
fibrosis, arthritis, and osteoporosis, where contrast agents
could benefit disease management. A similar strategy

could also be used to target pathogen-derived enzymes for
imaging infectious disease. In fact, the Bogyo Lab is currently
developing new types of protease substrates that can be used
for diagnostics and imaging of important human infections
such as Mycobacterium tuberculosis.

The current cancer imaging probes are now entering

human clinical trials with the help of several companies.
Professor Bogyo aims to obtain FDA approval for the smart
fluorescent probes so they can be authorized for common
use in cancer surgery. By integrating the probes with surgical
camera systems, cancer can now be visualized in real time
during surgery at the flick of a switch, enabling clinicians to
dramatically improve treatment outcomes.
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Meet the researcher

Professor Matthew Bogyo
Department of Pathology
University of Stanford
Stanford, CA

USA

Professor Matthew Bogyo received his PhD in Chemistry from
Massachusetts Institute of Technology in 1997. He established
his career as a Faculty Fellow at the University of California,
San Francisco. Later, he directed the Chemical Proteomics
Department with a focus on applying small molecule probes
to the field of drug discovery. In July 2003, Professor Bogyo
joined the Department of Pathology at Stanford University
and in 2013 was promoted to professor. His laboratory works
on the development of new chemical probe technologies that
are applied to studies of proteases and their roles in complex
biological pathways associated with human disease. During
his career, Professor Bogyo has published over 250 primary
research publications and took on the role of the President

of the International Proteolysis Society. He has received
numerous awards including the Searle Scholar Award and the
Terman Fellowship. He is the co-founder of Akrotome Imaging,
an innovative start-up company developing imaging contrast
agents for the detection of surgical margins.

CONTACT

E: mbogyo@stanford.edu
W: https://profiles.stanford.edu/matthew-bogyo?tab=bio
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