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Lay summary

Neutrophils and macrophages play a pivotal role in fighting and resolution of
inflammation. These cells are very effective at fighting invading pathogens and they use
digestive enzymes, so-called proteases, to destroy them. Their role is essential for an
effective immune response. However, in acute and chronic inflammation, overactivation
of these immune cells becomes detrimental and have been linked with a variety of disease

states such as COVID-19 infection, pneumonia, lung injury or fibrosis.

Since the function of neutrophils and macrophages rely partly on their proteolytic
capacity, monitoring the activity of proteolytic enzymes can give information on the
activity of these cells. Thus, proteases have become excellent biomarker in inflammatory
diseases, where abnormal activity can be detected. Currently, the main limitations of
fluorogenic probes are their applicability in vivo due to their low signal-to-noise ratios,

their poor solubility in water and their limited stability in complex systems.

Within my PhD, a series of fluorescence based optical probes were developed for
monitoring proteolytic activity in neutrophils and macrophages. In the first two chapters
of my thesis, | discuss the development a series of fluorogenic probes, with emission in
the green and near infrared regions of the spectrum, which can detect the activity of
human neutrophil elastase, a protease produced by neutrophils when they are activated
which is a stablished disease marker in several inflammatory diseases. These probes
provide excellent signal-to-noise ratios. In the third chapter, the synthesis and evaluation
of a water-soluble probe for monitoring macrophage activity during bacterial infection is
described. This probe targeted Cathepsin D, a lysosomal protease that mediates bacterial
killing in macrophages. The probe was able to detect Cathepsin D activity in macrophages

exposed to bacteria.



Abstract

Proteases can be great biomarkers of disease as these enzymes cleave amide bonds in peptides
and proteins and regulate a variety of cellular process. Indeed, their dysregulation has been
associated with a variety of diseases. Monitoring proteolytic activity using fluorescent probes has
shown great application in disease diagnostics and for intraoperative imaging, but the current
toolbox is still limited, and compounds often lack specificity for their target or provide limited
signal amplification. In inflammatory diseases, overactivation of neutrophils and macrophages can
lead to chronic and acute disease states in pathologies such as COVID-19 infection, pneumonia,
lung injury or fibrosis. The overactivation of these immune cells is often associated with a higher
proteolytic activity (to fight invading pathogens), which can be monitored using fluorogenic
probes to provide information on the inflammatory response during infection and be used for

diagnostic application.

In this thesis, a series of fluorogenic probes for the detection of neutrophil and macrophage
proteases implicated in inflammatory processes are developed. In the first chapter a major review
of proteases and fluorogenic probes is presented. In the two subsequent chapters a series of
probes that provide an OFF/ON fluorescent signal for the detection of the serine protease human
neutrophil elastase (hNE) is reported. Two generations of probes were developed, the first
generation consists of a series of probes with fluorescence emission in the green region of the
spectrum based on previous successful designs. The probes allowed detection of elastase in
activated neutrophils and in so-called neutrophil extracellular traps (NETs) which have been
implicated in the pathogenesis of acute and chronic inflammatory diseases. Limitations of its in
vivo application led to the development of a second generation of probes with fluorescence
emission in the NIR, where tissue penetration and fluorescence background are reduced. A novel
synthetic approach was implemented to synthesise the second generation of probes with NIR
emission. The NIR probes were validated in vitro and are currently being evaluated in cells. The
optimised NIR probe could serve as an excellent tool for in vivo imaging. The fourth chapter
focuses on the synthesis of a fluorogenic, pH stable, water-soluble FRET probe for the specific
detection of CatD, an aspartic protease present in macrophages that is upregulated in
macrophages when fighting bacterial infections. The probe was designed to serve as a tool to
understand the mechanism of apoptosis associated bacterial killing by macrophages, where the

activity of CatD was detected in macrophages exposed to bacteria.
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Chapter 1 Introduction

Parts of this chapter are published as:

M. Rodriguez-Rios, A. Megia-Fernandez, D. J. Norman, M. Bradley, Chem. Soc. Rev., 2022,
51, 2081-2120.

Proteases are enzymes that hydrolyse amide bonds. They can cleave terminal amino acid
residues from a peptide (so-called exopeptidases) and this can be either at the amino or
carboxy termini (aminopeptidases or a carboxypeptidase); or they can cleave internal
bonds (endopeptidases). Cleavage by endopeptidases happens at the so-called scissile
bond?, between two amino acid residues termed P1 and P1’.2 Residues on the amino
terminal side of the scissile bond are numbered in the C to N direction, whilst in the
“prime” or C-terminal side the order is assigned from N to C (see Figure 1). The substrate
specificity of most endopeptidases is determined by the sidechain of the P1 residue,
however, surrounding residues also affect substrate specificity, and determining the

efficiency of binding to the active site of the protease.

Rs 0 R, 0 R, o)
HzN)ﬁ( <" ON Fa N N)ﬁ( ~" 0oH
z H = H z
0 R, o) Ry 0 Rs'

P3 P2 P1 P1’ p2' P3'

Figure 1. Example of a generic hexapeptide with the corresponding P3-P1/P1’-P3’ nomenclature.

Based on their mechanism of amide bond cleavage proteases are classified into five
distinct classes: aspartic, metallo, cysteine, serine, and threonine proteases.? Some of

these classes activate a water molecule to attack the amide bond of the peptide (e.g.,
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aspartic and metallo proteases) whereas in the remaining classes, the nucleophile is the
functional group (hydroxy or thiol) on the amino acid sidechain (Cys, Ser, or Thr,

respectively).

Serine proteases

Nucleophile:
OH
Threonine proteases
. Nucleophile:
Cysteine proteases sy

Glutamic proteases
COOH
Aspartic proteases
Activator: Zn
Metallo-proteases

Figure 2. Classification of proteases based on their mechanism of catalytic cleavage. Based on the

Aminoacid
sidechain

Proteases

Types by mechanism

of cleavage

Activated
water

nucleophile used for cleavage, two main types of proteases can be distinguished, the ones that use the
sidechain of amino acids in the active site, and those who can activate a molecule of water to perform the

nucleophilic attack.

1.1 Proteases in disease

Proteases are essential for cell viability and can regulate fate, localization, and activity of
many other biomolecules and as such, proteolysis occurs at every stage of a cell’s
lifecycle?, and in every cell compartment. They activate proenzymes, destroy proteins to
regulate their cellular levels and remodel the matrix to name a few examples. Proteolytic
enzymes are tightly regulated and their overexpression/overactivation has been

associated with many diseases, with some examples described below.*

Serine proteases® are a large family of proteolytic enzymes that play an essential role in
physiological processes like blood coagulation, apoptosis and inflammation. Granzymes
are serine proteases that are mostly expressed in cytotoxic lymphocytes, neutrophil

elastase, cathepsin G and proteinase 3 are abundant in neutrophils and chymase and
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tryptase are present in mast cells. Despite their key role in inflammatory processes, serine
protease dysregulation has been associated with a variety of inflammatory diseases.
Examples include chronic obstructive pulmonary disease (COPD), which is associated with
the presence of T cells with elevated levels of Granzyme B which may cause inflammation
and lung destruction® or as biomarkers of kidney transplant rejection, with urinary levels
of Granzyme A and Granzyme B specifically elevated in patients receiving a transplant. ’
High levels of neutrophil elastase, the most abundant serine protease in human

neutrophils, have been detected in patients with cystic fibrosis.®

Aspartic proteases are involved in the regulation of blood pressure, with renin involved in
the conversion of angiotensinogen into angiotensin I. ° Within cells, several aspartic
proteases play important roles, Cathepsin D (CatD) in the lysosomes of cells acts to
activate other enzymes, pro-hormones, and growth factors. High levels of CatD have been
observed in areas surrounding tumours'® leading to the hypothesis that CatD is involved
in the invasiveness of cancer cells. Cathepsin E, which is found mainly in cells of the
lymphoid system and seems to have a function in the response of cells to immunological
stimuli. The beta-site amyloid precursor protein cleaving enzyme (BACE) is involved in the
conversion of the B-amyloid precursor protein to a form that can aggregate and cause
fibrils that are found in Alzheimer’s disease.!* The viral aspartic protease in HIV!? is
essential for successful viral infection and is involved into its own N-terminal cleavage,

required for maturation.

Cysteine proteases® are ubiquitous in most tissues. These protease’s main function is to
catalyse protein hydrolysis within the lysosomes, but they are also involved in MHC-II-
mediated antigen presentation, bone remodelling, keratinocytes differentiation, hair
follicle growth, reproduction and apoptosis. Upregulation of cathepsin activity has been
demonstrated in many human tumours. High levels of Cathepsin B, one of the best
understood within the cathepsin family, is associated with a variety of cancers® * and in
inflammatory diseases such as rheumatoid arthritis.’> Recent studies associate high

Cathepsin B levels with increased blood pressure and aortic dilation.® Cysteine cathepsins
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could be playing arole in the infection process of SARS-CoV-2 by cleaving the spike protein

on the virus’ capsid that allows membrane fusion to the targeted cell.'’

Threonine proteases are the least abundant type with only a few examples found in the
MEROPS database. Their low abundance could possibly be due to the reduced
nucleophilicity of the threonine sidechain to exert amide bond cleavage when compared
to serine or cysteine proteases. Despite the low abundance, threonine proteases can be
found in humans involved in essential homeostatic roles such as in the proteosome, which
relies on a threonine catalytic residue to exert its proteolytic activity. The ubiquitin-
proteosome system is a sophisticated system that is responsible for degradation of
peptides and proteins inside the cell. ¥ When proteins are to be removed in the cell or
misfolded, they are tagged with a small protein label so-called ubiquitin. Ubiquitin labels
are recognised by the proteosome, that will engulf and degrade the tagged protein. In the
proteosome, the threonine residue is in the N-terminus and located close to a lysine (that
has been suggested to reduce the pKa of the threonine sidechain and increase its
nucleophilicity). Defective catalytic activity of the proteosome has been associated with
a variety of neurodegenerative diseases such as Alzheimer's, Parkinson's, and

Huntington's disease as well as heart diseases. > 20

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that perform
multiple roles in the normal immune response to infection. ?! These enzymes can facilitate
immune cell recruitment, cytokine or chemokine processing and matrix remodelling.
However, high levels of matrix metalloproteinases activity can be the cause of immuno-
pathologies, in fact, high levels of MMP-9 are detected in HIV patients?2, where MMP-9
secretion leads to increased endothelial permeability, which might be related to an
increased blood—brain barrier permeability. High levels of MMP-14 may increase
invasiveness in Hepatitis B infection?3, not only through a direct effect on the extracellular

matrix but also by activation of other MMPs.
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1.2 Protease inhibitors

Having a better understanding of the role of proteases in physiological and pathological

conditions has led to the development of many inhibitors with wide ranging therapeutic

uses in the treatment of a variety of diseases. To be effective, protease inhibitors must be

potent and highly selective to the targeted protease, besides, good pharmacokinetic and

pharmacodynamic properties that are essential for their successful application.?*

DPP-4 inhibitors (so-called gliptins) are used to treat type Il diabetes mellitus®,
with the inhibitors blocking the activity of the serine protease DPP-4, a protease
that destroys incretins. Saxaglitpin (Figure 3) is a clinically used gliptin that helps
stimulate the production of insulin when it is needed and reduce the production

of glucagon by the liver when it is not.

The proteosome is a highly sophisticated protease complex evolved to carry out
selective, efficient and processive hydrolysis of client proteins. There are currently
several inhibitors used that target the proteosome to treat multiple myeloma. 2¢
Inhibition of the proteosome induces apoptosis of the cancer cells. The well-
known protease inhibitor drug in this area is bortezomib (Figure 3) that contains a
boronic acid and inhibits the proteosome by covalent binding to the catalytic

threonines responsible for amide bond cleavage in the proteasome.

Angiotensin converting enzyme (ACE) inhibitors have seen widespread usage in
the treatment of cardiovascular and renal disease. ACE is a bivalent dipeptidyl
carboxyl metallopeptidase responsible for formation of angiotensin Il, which is
a potent vasoconstrictor. Angiotensin-converting enzyme inhibitors were
developed as therapeutic agents targeted for the treatment of hypertension, that
prevent vasoconstriction in patients with hypertension improving blood flow, a

common example widely used is captopril (Figure 3).%’
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e Hirudin is a naturally occurring peptide that is a potent inhibitor of thrombin, a
serine protease that is key in the coagulation process, responsible for conversion
of fibrinogen into fibrin. Hirudin has been used in the clinic to treat acute coronary

artery disease, deep vein thrombosis and other thrombotic diseases. 2

e Cilastatin is an inhibitor of dehydropeptidase is, an enzyme found in the kidney,
which can degrade the antibiotic peptide imipenem. Co-administration of
cilastatin with the antibiotic prevents degradation, prolonging its antibacterial

effect. 2°

HO

(¢]] 0
NH, H
N/\H/
: (6] B
HO™ “OH
(¢]]

Bortezomib

Saxagliptin

CHjy

H H
. N_ _O
HS\/k’&O HO \n/ "u&
iNJ .wCOOH © o H

Captopril

Darunavir

Figure 3. Examples of protease inhibitors in the clinic. Saxagliptin is one of many clinically used DPP-4
inhibitors. Bortezomib is used to inhibit the threonine protease activity of the proteosome. Darinavir targets
the HIV virus protease and Captopril is used to treat hypertension, it is an inhibitor of the angiotensin

converting enzyme.

Inhibitors targeting human proteases, with the objective of exploiting the overexpression
in pathology, can present a challenge in terms of side effects due to physiological
expression of the proteases require for proper healthy function. Hence, some medicinally
used inhibitors target orthogonal proteases, i.e., proteases which are not physiologically
expressed in human cells, with approved protease inhibitors targeting several viral

proteases. Introduced in 1995 was saquinavir targeting the HIV retroviral aspartyl
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protease and this family of inhibitors have been huge success in the management of HIV
infection 3°, controlling the progression of HIV infection to AIDS by inhibiting its
replication. Darunavir is now recommended as first line therapy choice (Figure 3). Other
widely used orthogonal protease inhibitors include beta-lactams (both as inhibitors of
beta-lactamase’s themselves (e.g., clavulanic acid) as well as cell wall cross-linking
enzymes (penicillins). Inhibitors with antifungal activity target secreted aspartic proteases
(SAPs) are involved in several fungal infections, they play a role in tissue invasion, growth,
and immune system evasion, among the important human fungal pathogens Candida
albicans and C. neoformans. Synthetic small molecule inhibitors based on indolone
derivates have been developed for secreted aspartic protease 2 (SAP2) and demonstrated

high potency, with high antifungal activity against Candida Albicans. 3% 3?

1.3 Probes for monitoring proteolytic activity

Monitoring proteolytic activity is crucial to better understand the expression profiles and
function of this proteases in physiological conditions as well as in disease, and the most
widely used types of probes for detection of proteases are antibody- or peptide-based

probes.

e Antibody-based probes are widely used for monitoring proteases in cells. These
affinity probes are based on a tagged antibody that specifically binds the protease
and can give quantitative information on the levels of expression and localisation
of the target protein. The tag can be a fluorescent label, biotin or a radioisotope.
This method of detection, however, is limited to detection in the extracellular
space, because antibodies are incapable of penetrating the cell membrane so they
cannot provide spatio-temporal information inside living cells, unless cells are
permeabilized. In addition, antibody-based detection cannot distinguish between
active proteases and the non-active zymogen and the catalytically active protease
(zymogens are pro-proteases, proteins that require activation by other protease

to gain catalytic activity).
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o Peptide-based probes are based on peptide sequences that are a substrate for

the protease of interest. These types of probes are excellent tools for monitoring

proteolytic activity in real time, and most of these probes can access the

intracellular space and serve as tools for the assessment of cell phenotype,

diagnostic applications®* 34 and the development of novel therapies. In addition,

their low immunogenicities and low cell toxicities, makes them excellent tools for

in vivo applications. There are two main types of peptide-based probes:

o Activity based probes (probes that are based on inhibitors of the enzyme

that bind covalently to the active site. These probes allow relative protease
guantification and spatio-temporal imaging. However, signal amplification
is not possible, and the enzyme activity is inhibited upon irreversible
binding. In addition, since most of the activity-based probes are “always

on” their signal-to-noise ratios are limited. 3>-37

Substrate-based probes offer an “OFF/ON” signal and are catalytically
cleaved by the protease, with many copies of the probe activated/cleaved
by the same molecule of the protease, without demonstrating inhibitory
effects. 3 Substrate-based probes can be based on optical imaging by
fluorescence, photoacoustic imaging or chemiluminescent detection and
offer great promise for in vivo imaging applications. Other, more exotic
detection modalities include electrochemical-based reporters and those
based on MS- technologies. There is great promise for the development of

point-of-care technologies for use in a number of medical scenarios.

A critical review on the current state of the art of substrate-based probes and how they

compare to each other has been published and can be found here:
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Introduction

Proteases are enzymes with wide-ranging and crucial activities
that mediate the hydrolysis of amide bonds. The residues
within the active site of the enzyme responsible for the biolo-
gical activity allow the partitioning of these enzymes into the
five major classes: so-called serine, threonine, cysteine, aspartic
acid or metallo-based proteases. Cleavage by proteases typically
occurs on well-defined substrates to allow for discrete and
precise regulation of biological functions and takes place
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between two amino acids (P1-P1”) (by endopeptidases) or at
the N- or C-terminus of the peptide (by exopeptidases). Pro-
teases need to recognise their substrate to allow exertion of its
function, with the most crucial amino acid being that located
on the P1 position of the scissile bond. The degree of substrate
specificity is variable, with some proteases accepting a broad
spectrum of substrates and others accepting very few.

The function of proteases is essential for an abundance of
cellular processes, that includes matrix remodelling by metal-
loproteinases during cell growth, angiogenesis and tissue
remodglling;1 regulation of cell division by the calpain
family and the control of programmed cell death by
caspases.® These physiological proteolytic functions are tightly
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regulated and dysfunction of proteases can be highly detrimen-
tal and has been linked to a variety of diseases with examples
including cancer,* diabetes,® inflammation,® vascular diseases’
and Alzheimer’s.® Indeed, Alzheimer’s disease, which is char-
acterised by a cognitive decline, is associated with an accumu-
lation of amyloid-b (Ab) plaques produced by a sequence of
proteolytic events of the amyloid precursor protein by a-, b- and
g-secretases that result in aggregation and generation of Ab.8
The disease-causing proteolytic network of Alzheimer’s disease
exemplifies the need for specific and versatile protease probes
in order to distinguish and elucidate the biochemical processes
responsible, such as chemical probes that enable the specific
identification of the aspartyl protease g-secretase.® Proteases
have emerged as excellent disease biomarkers. For instance,
thrombin is widely used as a biomarker in the diagnosis of
blood disorders and prostate cancer. Proteases are also attrac-
tive drug targets, with a variety of inhibitors developed used to
treat diseases such as the HIV-1 protease inhibitors to treat
AIDS,'° and captopril to treat hypertension.?

Understanding the role of proteases in disease and the
evaluation of treatment efficacy are crucial for the success of
the drug development process, but current gold-standard meth-
ods typically rely on in vitro detection by genetic expression
measurements or immunostaining. However, these methods
base their detection on indirect measurement of protease
concentration instead of proteolytic activity and they cannot
distinguish between active and inactive (pro-forms) of the
protease. Peptide-based probes have emerged as an alternative
to these methods to allow the evaluation of the activity of a
variety of proteases.'>13 A key advantage is that these probes
rely solely on “‘real’’ proteolytic activity and allow both in vitro
and in vivo evaluation in real time. These probes typically
contain a peptide-targeting moiety (that is recognised by the
protease) and a reporter (e.g. a fluorophore, a contrast agent, an
electrochemical tag or a mass tag). Peptides are ideal as the
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recognition element as they mimic the endogenous substrate
and offer high natural specificity, while providing a scaffold for
the attachment of labels or signal transducers.

In vivo imaging of proteolytic activity is becoming extremely
useful in the area of diagnostics or for optical-image-guided
surgery.'* Fluorescent peptide-based probes are widely used in
optical imaging, with many efforts pushing into the near
infrared imaging window of the spectrum,*> where biological
tissues are silent and penetration of light is enhanced. In recent
years, other approaches have made an appearance as promising
alternatives to fluorescence-based technologies. These include
chemiluminescent probes, that do not need an external light
source and provide virtually no background signal, and photo-
acoustic imaging that offers great promise for deep-tissue
imaging, with the main advantage of being able to image tissue
at depths of more than 1 cm.

Bench-top or in vitro technologies for laboratory analysis of
proteolytic activity have seen advances in the area of colori-
metric detection; with applications for in vitro, low cost and
easy-to read analysis, electrochemical probes, with redox-based
detection of proteases offering an alternative to other methods
where complex media samples might affect other detection
methods such as fluorescence. The area of MS and proteomics
has seen proteolytic profiling appearing with applications in
disease diagnostics and comparative analysis of proteolytic
activity in health and disease. In this review, we discuss recent
advances in the area of probes for the detection of proteases
and new strategies in the area of FRET, pro-fluorophores,
bioorthogonal reactions, aggregation-induced emission and
chemiluminescence based optical probes as well as methods
based on photoacoustic contrast agents, electrochemical detec-
tion, mass spectrometry and colorimetric reporters.

Comprehensive reviews have been published in the field of
protease activity and we would like to highlight those of Ong,®
Oliveira-Silval” and Zhang.4
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1. Optical imaging
11 Fluorescence

111 FRET. FRET based probes for proteases are based on
the Forster Resonance Energy Transfer (FRET), process where a
fluorophore (donor) in its excited state non-radiatively transfers
its energy to another chromophore in its ground state through
long range dipole—dipole interactions® (or perhaps viewed
more simply via orbital overlap). When the acceptor molecule
is a non-emissive quencher such as a simple dye it undergoes
relaxation to its ground state by non-emissive processes. The
energy transfer efficiency is determined by the orientation/
rotation of the fluorophores and the extent of overlap between
the emission spectrum of the donor fluorophore and the
absorption spectrum of the acceptor as well as distance, with
a separation of 4 to 6 nm considered optimal for the energy
transfer to be efficient,1%2° although molecules are non-static,
and small peptides undergo large conformational changes.

Cleavage stops the energy transfer (the quenching) of the
fluorophore, ‘‘turning on’’ the fluorescence (Scheme 1). It is
vital that peptide cleavable ‘‘spacers’’ display high specificity
towards the target protease, while the signal to noise ratio of the
cleaved and non-cleaved FRET pair is high. Many routes to discover
optimal substrates/spacers for FRET protease assays exist. These
include a variety of combinatorial approaches (both solid?-?? and
solution based,?® MS substrate profiling methods,?4?> phage
libraries?® or substrate modification of known substrates, including
direct screening on complex tumour tissues.?” Many FRET peptide
probes have been developed?-3 and there are reviews covering this
area so here we highlight some key and novel examples'**° with
FRET based probes developed for legumain,3! thrombin,*® SARS-
CoV protease,®? Granzyme B33 and Cathepsins,®* among others.

Key successes in this area include improvement of the signal
to noise ratio of conventional linear FRET-probes, shifting the
emission into the NIR range® or by addition of chains of
positively and negatively charged amino acids on opposite sides
of the cleavage site that result in an ‘‘electrostatic zipper”’
whereby folding of the peptide brings the fluorophore and
guencher into closer proximity via a hairpin-type structure to
facilitate activity-dependent imaging.?36 In these probes, not
only does the hairpin enhance the quenching but the

RRET ‘
KO

I

MOTEASE i
NGt m@

T

Scheme 1 FRET probes where the light emitted by the fluorophore (F)
is transferred to the quencher (Q) until the FRET is disrupted by the action
of a protease causing the release of the fluorophore and restoring
its emission.
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polycationic species promotes cellular entry upon cleavage. A
useful review covering this field was published by Tsien,*” and
clearly the concept could be extended to include oppositely
charged fluorophores, that by themselves promote hairpin
formation.

Some FRET probes have shown excellent applicability
in vivo. Thus, a broad spectrum probe for detection of cathe-
psins using sulfo-Cy5 and QSY21 as a FRET pair was
developed® and later optimized incorporating the FDA-
approved dye ICG, as the NIR-emitting dye and was successfully
used for fluorescence-guided-surgery in mouse and ex vivo in
keratinocyte carcinoma.®® One probe* (1), was recently vali-
dated for intraoperative assessment of cancer margins during
surgery. It uses the same FRET pair and was designed for the
detection of activated cathepsins K, L, S and B (Fig. 1a).* % A
series of fluorescent FRET based probes (2) (ProSense), based
on self-quenching of multiple copies of the same fluorophore
(Cy5.5) within a repeating graft copolymer#* have successfully
been developed for in vivo imaging in animal models for the
detection of MMPs, cathepsins, renin and neutrophil elastase
(Fig. 1b). Recently, a tribranched FRET based probe for sensing
MMP activity®® in patients with fibroproliferative lung disease
allowed in situ imaging of MMP activity and allowed the
assessment of pharmacological action in human disease using
optical molecular imaging. A ‘‘tumour painting probe’’ (3)*6
(Fig. 1c) has also been developed that contained a green FRET
pair (FAM/Methyl Red) on opposite sides of an MMP 2/9
cleavable sequence, that produced a signal upon protease
cleavage. The construct also contained a NIR fluorophore that
served as an ‘‘always on’’ reference (sulfoCy5). Thus, activation
of the probe by MMPs resulted in two signals, the reference NIR
dye and the liberated carboxyfluorescein. Interestingly, once
the construct was cleaved, the reference NIR dye fragment,
“‘painted’’ the tumour tissue allowing tumour margin visualiza-
tion on ex vivo tissue (Fig. 3a).

Two-photo excitation (TPE) fluorescence has attracted much
attention in the area of optical imaging as it allows for deeper and
more accurate localisation of the probe (the focal volume for TPE
is small) but the method also needs higher power laser sources
compared to one-photon technology (although at far longer
wavelengths). Probes based on TPE technology have been
designed for the detection of caspase 3 using the generic substrate
(DEVD)* with the naphthalene—pyrazoline two-photon absorber
coupled to a dabcyl quencher via a caspase 3 cleavable peptide.
The construct also allowed for tuneable targetability with mod-
ification of the pyrazoline substituent accommodating a cRGD
motif to target cancer cell uptake. Yan*® developed a two-photon
fluorogenic reporter for caspase-3 using two-photon absorbing
nanomicelles, with the b-cyclodextrin based micelles contained
the two-photon absorbing dye trans-4-[p-(N,N-diethylamino)styryl]-
N-methylpyridinium iodide. The micelles were modified with
caspase 3 cleavable peptides labelled with the Black Hole
Quencher (BHQ-2) that quenched the emission from the micelles
until cleaved by the protease.

Multi-branched scaffolds3"49-52 have been used to reduce
probe background signals and enhance signal amplification via
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Fig. 1

(@) A cathepsin reporter using the ICG/QSY21 FRET pair probe in clinical studies.’ (b) Structure of the generic “ProSense’” probe using Cy5.5

homo-labelling.** (c) MMP dual probe for painting tumours,* with cleavage generating a Cy5.5 fragment that sticks to the tumor tissue. Also note that
this probe is terminated with a p-Lys residue to provide proteolytic stability.

the generation of multiples copies of the same fluorophore.
This strategy initially used ‘self-quenching’’ between identical
fluorophores of homo-labelled probes, where each chromo-
phore had a dual role of being a donor as well as an
acceptor.53% A self-quenching green emitting tri-branched
dendrimer probe for human neutrophil elastase (HNE) was
reported,® with the multivalent scaffold consisting of three-
peptide branches specifically cleaved by HNE, each capped with
a 5-carboxyfluorescein group.5® In 2018, the concept was mod-
ified to include a quencher on each of the peptide sequences to
allow the synthesis of a broad-spectrum serprocidin probe,
yielding a so-called ‘super-silent probe’” with negligible back-
ground fluorescence and much higher signal amplification.®
More recently, optimisation of the system allowed the synthesis
of a highly specific HNE probe (4, Fig. 2a), with excellent signal
amplification and negligible background fluorescencethat
allowed visualisation of Neutrophil Extracellular Traps® with-
out the need of antibodies®® (Fig. 3b). Multivalent or dendri-
meric FRET reporters have been reported where scaffolds are
modified with FRET-peptide reporters and targeting moieties
on a central core. Nagai used anionic carboxy-terminal poly-
amidoamine (PAMAM) based-dendrimers (5), known to accu-
mulate in the lymph nodes, as a core for the incorporation of a
FRET substrate peptide allowing the detection of MMP-257
(Fig. 2b). Brennecke used a tetravalent DOTAM scaffold to
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prepare probe (6) for the detection of Cathepsin S, each scaffold
being modified to accommodate two copies of a cRGD tumour-
directing peptide on two of the four carboxylic acids, a Cy3on a
third functionality and finally a Cathepsin S cleavable sequence
containing a BHQ-2 quencher (Fig. 2c),%® on the fourth arm.
The incorporation of FRET-reporters onto/into nanoparticles as
carriers, offers opportunities for novel diagnostic applications.
A recent example is the development of a non-invasive nanop-
robe capable of detecting granzyme B dependent transplant
rejection via analysis of urine samples. Exposure to iron oxide
nanoparticles functionalised with FRET-labelled peptides,
releases the fluorescent reporter into the urine and allows
identification of the onset of rejection with high sensitivity
and specificity.58° Detection of multiple target proteases
offers the possibility of establishing molecular signatures of
diseases and therapy monitoring.5* Polydopamine nano-
particles (PDANPs) have been used as broad-spectrum
quenchers and carriers of multiple fluorophore-labelled
peptides.5? Thus, a 4-colour nano-reporter (7) was developed
by assembly of four differently labelled fluorescent peptide
substrates (urokinase-type plasminogen activator (UuPA), MMP-
2, cathepsin B, and MMP-7) labelled with AF405, FITC, Cy3
and Cy5 respectively, onto the PDANPs via p—p interactions
with aromatic amino acid residues in the peptides/dyes
(Fig. 2d). Negatively charged fluorescent PDANPSs have been
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used to build a system with protamine to form an aggregation- relying here on electrostatic interactions between the posi-
based quenching system (via a static quenching tively charged protamine and the negatively charged PADNPs
mechanism).53 The fluorescence quenching mechanism with Trypsin cleavage de-quenching the system.
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Fig. 3 (a) Fluorescence images delineating tumour margins using the MMP FRET probe 3.* Upper row: Bright field microscopy image and fluorescence
image of freshly excised lung slice, with pathologically identified adenocarcinoma (Ad), transition zone (Tr) and normal (N) tissue, following incubation
with the probe. Lower row: Control tissue from the same patient sample without the addition of compound 3 was used as a measure of tissue
autofluorescence within this spectral window. Reproduced from ref. 46 with permission from the Royal Society of Chemistry, copyright 2020. (b)
Fluorescence microscopy image of a Neutrophil Extracellular Trap stained with HNE FRET probe 4°¢ (green), DAPI (blue) and SYTOX orange (red). Arrows
indicate chromatin studded with activated probe, indicative of chromatin release by activated cells. Reproduced from ref. 56 with permission from the

Royal Society of Chemistry, copyright 2021.

A probe (8) that allowed multiple molecular targets to be
simultaneously analysed was demonstrated with a dual-enzyme
probe® for thrombin and MMPs, allowing detection of two
distinct classes of proteolytic extracellular proteins that play
important roles in early carcinogenesis. The probe construct
was assembled by copper mediated ‘‘click’ conjugation of two
FRET-labelled substrates with orthogonal excitation—emission
wavelengths (Fig. 4a). Widen recently reported an AND-gate (9)
that relies on activation by two proteases for a fluorogenic
response,% in this system, a central fluorophore was flanked by
two quencher-labelled peptides targeting different proteases,
cleavage of both substrates and release of the two quenchers
was required to restore the fluorescence of the central fluor-
ophore (Fig. 4b).

Some protease-FRET probes initially used for diagnostics
have been combined with therapeutic moieties to generate
theragnostic entities allowing both diagnosis and therapy.
Following this principle, Li% developed a FRET-based (carbox-
yfluorescein—dabcyl) caspase 3 cleavable probe (10) conjugated
to doxorubicin (DOX) and a targeting peptide (Fig. A4c).
Enhanced delivery to the tumour tissue was enabled by the
directing peptide, where the acidic pH in the cancer micro-
environment (and during uptake in the endosome) triggered
the release of DOX from the construct while caspase-3 cleaved
the peptide resulting in a fluorescent signal. Transcription-
dependent fluorogenic probes have been used for specific
protease dependent activation or amplification of signal,57.8
while analysis kits for plasma and peripheral blood testing have
been developed using polymer immobilization of FRET-based
protease substrates.®®

112 Ratiometric. Ratiometric fluorescence is a method
where the emission intensities at two or more wavelengths are
measured. Ratiometric fluorescence detection for proteases
offers benefits over quenched-FRET as it provides a reference
signal allowing traceability on the distribution of the probe
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with the main strategy employed for protease ratiometric
detection using two target-responsive signal changes which
allows concentrations to be measured. FRET between two
fluorophores has been widely used to develop ratiometric
probes with a donor—acceptor pair on opposite sides of a
cleavable peptide.”® In the absence of the target protease, the
energy is transferred from the donor into the acceptor and only
the acceptor signal is detected if the acceptor is a fluorophore
(Scheme 2). Upon exposure to the target protease, cleavage
results in ““switch-on’” of the fluorescent signal from the donor.
Following cleavage, the acceptor emission will become inde-
pendent of the donor.”® Modification of conventional sub-
strates includes the addition of directing moieties, for
example, a human neutrophil elastase ratiometric FRET probe
(15) has been reported,” with an additional DNA minor groove
binder moiety allowing successful visualization of activated
neutrophils and Neutrophil Extracellular Traps (Fig. 5). A
ratiometric hairpin-type probe for in vivo imaging has been
developed that used Cy5 and Cy7 as a FRET pair and a
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Scheme 2 Concept of a probe that can be used for ratiometric FRET with
energy transfer between two different fluorophores that is removed upon
cleavage by proteases.

<
O

moTeasE g

-14 -



Chem Soc Rev

FRET

s-PEG,-Nle-Trp-Pro-Arg-Gly-Trp-Arg-(D)Leu-L, s-
1 T
? Thrombin N
HN
o
NN

0
mEGzPro-Phe-GIyiNIe-Lys-ﬂAla-Lys

FRET

b HO;S\@

HO,S‘C? O / ’b\

FRET
—N@ |
SOz HO;S

SO3H

NH
o

Cbz-Phe-Lys—-HN\/\/\,N >_Q\5

Cathepsins

e fj

SO3H

\

HO

N.
sz N
g
%

COOH

Caspase-3

NH—Gly-ﬁgs-Ser-Asp-Glu-VaI-Asp-Ser-L s— RGD

S

8 10
5 HN
),_O_NN—O—N/

pH triggerable linker

J

Review Article

Fig. 4 Multimodal probes. (a) Dual targeting probe for detection of thrombin and MMP.** (b) AND-gate system based on dual quenching of one
fluorophore activated following cleavage by cathepsins and FAP.% (c) Theragnostic probe for detection of caspase-3.% DOX: doxorubicin.
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solubilizing PEG moiety”® and was activated by thrombin.
Using a similar approach, a MMP probe was developed (11)
(Fig. 6) that is currently in Phase 2 studies.”® The main draw-
back of this design being the background ‘‘off-target’” fluores-
cence signal of the probe.

A ratiometric protease probe (12) was designed’ and
applied for ex vivo imaging of b-Secretase (BACE1l) in an
Alzheimer’s disease mouse brain model. The reporter used
the two-photon absorbing merocyanine (mCyd) as a donor
conjugated to the acceptor fluorophore Alexa Fluor 633 (a
sulfonated rhodamine derivative) as the acceptor via a b-
Secretase peptide sequence (Fig. 7a).

A sophisticated assay for MMP sensing in the extracellular
matrix in vitro (13) has been reported’®> with collagen-
immobilized FRET reporters allowing the visualisation of
time-dependent secreted protease activity using an extracellular
matrix (ECM) collagen anchor, conjugated to enhanced green
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fluorescent protein (EGFP). In this case TAMRA was attached,
by intein-mediated splicing to form a collagen-adherent MMP-2
probe with a FRET pair TAMRA/GFP (Fig. 7a), linked by an
MMP cleavable peptide. This strategy allowed the probe to bind
to collagen in the ECM where it could interact with the secreted
protease of interest, interrupting the FRET pair. The probe was
validated in a 3D cell spheroid model to analyse secreted MMP-
2 activity. Similarly, but by fusing the cyan fluorescent protein
(CFP) and the yellow fluorescent protein (YFP) through a NE-
specific cleavable linker, a neutrophil elastase fluorescent
ratiometric reporter was assembled.”®

The combination of three dyes in a dual FRET system
yielded a dual-target probe (14) for detection of trypsin and
chymotrypsin. Using a peptide-like structure (Fig. 7b) a cascade
FRET system was generated using 7-diethylaminocoumarin-3-
carboxylic acid, fluorescein and rhodamine B.”” This allowed
for multiplexed assaying of protease activity.

Other strategies for ratiometric probes include a single
fluorophore with tunable emission following activation by a
protease, which uses the pro-fluorophore principle, where
decaging of the fluorophore leads to changes in emission
profile.’880 A y-glutamyltranspeptidase-triggered theragnostic
probe was designed for cancer detection using a caged NIR
photosensitiser.8*  The construct when caged emits fluores-
cence in the NIR region of the spectrum and cannot produce
ROS. Upon decaging by y-glutamyltranspeptidase there is a
shift in fluorescence emission into the yellow region
which allows photodynamic therapy (PDT) due to the activity
of the photosensitizer with the production of ROS at the site
of activation. This field has been extensively reviewed by
Huang.?2 Du reported a ratiometric fluorescent probe® for
the detection of leucine aminopeptidase (LAP) based on a
quinoline derived fluorophore for imaging LAP on liver
tumour cells. The probe contained a galactose moiety for
targeting active tumours and a caged quinolone. The probe
was internalised in cancer cells, where it was decaged by LAP,
producing a red shift in emission of the construct (425 nm
to 510 nm). Using a cell penetrating peptide and a substrate
for caspase-3 to cage cresyl violet, a probe was generated
that gave a red-shift in fluorescence emission upon caspase-3

cleavage. Recently, Cao developed the first non-peptide
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based ratiometric pro-fluorophore probe for hNE® using a
pentafluoropropanoic acid caging group.

The use of biocompatible nanocrystals has been widely
explored to build protease probes, acting as scaffolds and
carriers with many offering the ability to act as spectrally broad
light quenchers. Fe3O4 nanocrystals and quantum dots (QDs)
have been widely used as FRET quenchers and carriers for the
synthesis of several protease probes. Mingyuan developed a
series of probes combining pH sensing with protease detection
for tumour optical imaging.8>8¢ The probes (16, 17) simulta-
neously mapping MMP-9 activity and the extracellular pH of
tumours were able to target tumour cells via conjugation to an
antibody. These were based on a modified naphthalimide as a
ratiometric pH sensitive fluorophore and FesOs nanoparticles
as a quencher by covalent attachment through an MMP-9
cleavable peptide. Upon cleavage of the peptide, naphthalimide
fluorescence was switched on with the ratio of the two pH-
dependent emission maxima used to quantitatively determine
pH (Fig. 8a). In a second-generation reporter that was used for
in vivo imaging, folic acid was incorporated as a targeting
moiety, and an ‘‘always on’’ Cy5.5 dye with an orthogonal
fluorescence signal serving as an MMP-9 reporter.85:86

Quantum dots (QDs) have been used as FRET donors for
ratiometric sensing of proteases with fluorophore-labelled clea-
vable peptides immobilised as acceptors.8” Concentric Fo rster
Resonance Energy Transfer (cFRET) imaging is a novel applica-
tion of semiconductor QDs where a central emissive QD is
conjugated with multiple copies of two different biomolecular
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probes. Each of these probes is labelled with one or two, similar
or different, fluorophores that engage in energy transfer with
the QD and, in many cases, with one another. These config-
urations are referred to as ‘‘concentric’’ because the dyes on the
surface form a sphere that shares the same centre as the
quantum dot. A recently reported cFRET QD system® com-
prised green-emitting QDs and peptides labelled with Alexa
Fluor 555 (a bis-sulfonated carboxy-rhodamine) (18) and Alexa
Fluor 647 (a bis-sulfonated Cy5). The two peptide sequences
were selected as substrates for trypsin and chymotrypsin,
whose cleavage modulate signal output by decreasing the
number of dyes per QD. A bi-modal QD-type probe (19),
combining charge transfer (CT) and a FRET quenching system
was recently developed,® using QDs with a hydrophilic coating
assembled with multiple copies of a number of peptides. Some
were labelled with ruthenium(n) phenanthroline (Ru-phen),
which quenched the QD via a CT mechanism, others had a
distal fluorescent label, which are well-known to quench QD
emission via FRET (Fig. 8b). Acceptor dye-labelled peptide-DNA
conjugates were assembled onto the QD donors as an input
gate. The addition of trypsin or chymotrypsin cleaved the
peptide and altered the efficiency of FRET with the QD, and
liberated a DNA output (20.1) which then interacted with a
tetrahedral output gate (20.2). Downstream output gate rear-
rangement resulted in FRET sensitization of a new acceptor
dye® (Fig. 8c).

113  Pro-fluorophore approach. Many widely used fluoro-
genic probes are based on the synthesis of ‘‘pro-fluorophores’’,
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substrate-based probes that become fluorescent upon deca-
ging. The most widely studied and used fluorophores in this
area are 7-amino-coumarins, whose emission is significantly
reduced when conjugated to a peptide chain via an amide
bond.®'%2 The approach generally uses a protease cleavable
moiety linked directly, or via a safety-catch (or self-immolative
linker)%394 with probe cleavage releasing the fluorophore
(Scheme 3).

Several fluorogenic probes have been designed for the
detection of N-terminal exopeptidases such as dipeptidyl pep-
tidase (DPP-1V),?>%7 leucine aminopeptidase (LAP), pyrogluta-
mate aminopeptidase (PGP1)® or aminopeptidase N
(APN)®9190 with attachment of the appropriate amino acid
residues to a fluorophore that affects its internal charge trans-
fer (ICT) and yields probes that switch-on upon peptidase
exposure.

Dipeptidyl peptidase-1V cleaves X-Pro or X-Ala dipeptides
from the amino-terminus of peptides and is known to be
overexpressed in diabetes®! and cancer.192:1%3 Probes for detec-
tion of this protease® were constructed by the incorporation of
a DPP-1V substrate (an amino acid® or dipeptide®) onto a
fluorophore, with quenching of its fluorescence. Urano
reported a series of probes for DPP-1V detection using hydro-
xymethyl rhodamine green (HMRG) as a green fluorophore
scaffold in combination with a series of X-Pro dipeptides,10®
with one of the compounds (21.1, Fig. 10a) used successfully for
imaging of head and neck squamous cell carcinomal® and
esophagic adenocarcinomal®” (Fig. 9). Another example
includes a probe that uses the NIR fluorophore SiR600,%"
conjugated to the dipeptide Glu-Pro, with the quenching
mechanism relying on PeT (22.1).°” Leucine aminopeptidase
(LAP) has attracted significant attention, as it is known to be
overexpressed in ovarian and breast cancer and several probes
have been developed to detect its activity. Such probes are
generally based on modification of the amino group of a
fluorophore through an amide bond to a leucine residue
(Fig. 10b). NIR hemicyanines® (23.1), crysol violet'® (24.1),
dicyanoisophorone derivatives (25.1)1%° or rhodamine (26.1)°
have all been modified to generate fluorogenic probes to

PROTEASE
)
’ EMISSIVE ST U(TU‘(A[
RESTORATION

.

‘00
0

LU

Scheme 3 Concept of pro-fluorophore (PRO-F) activation by a protease
to generate emissive molecules (F).

Introduction

This journal is © The Royal Society of Chemistry 2022

Review Article

Fluorescence
(540nm)

Pseudo real color
(500-720nm)

30 min

Fig. 9 Ex vivo fluorescent imaging of tumor tissue following spraying of
DPPIV profluorophore 21.1 (a) esophagic carcinoma: a rapid fluorescent
increase was observed in the tumor lesion after 30 min. Scale bar, 10 mm
(b) head and neck squamous cell carcinoma tissue, upper: resected
specimen observed with iodine staining shows normal mucosa (darker,
periferic) vs. tumor mucosa (central area), lower: fluorescent imaging after
spraying 21.1. Reproduced from ref. 105 with permission from Nature,
copyright 2016 and ref. 106 with permission from Head Neck, copyright
2018.

detect this peptidase, with new approaches adding targeting
capacity.!!

A small-molecule probe targeting hNE (28.1),112112 g serine
protease expressed in activated neutrophils in inflammatory
processes, was designed where the amino group of the NIR
hemicyanine dye was conjugated to a pentafluoropropanoic
acid caging group, and was optically silent until de-caged by the
protease (Fig. 10d).

The same concept has been extended to include so-called
safety catch or self-immolative linkers, with p-hydroxy or p-
amino-benzyl alcohol the most widely used. Here enzymatic
cleavage releases the conjugated fluorophores and restores
fluorescence.'** Shasha® developed a Granzyme B probe based
on this approach for detecting T cell activation. The probe
(29.1) consisted of a short peptide conjugated to a PEGylated
NIR hemicyanine dye via a self-immolative linker. Using the
same principle, a probe (30.1) for cathepsin B was developed,®
bearing a morpholine targeting moiety and a specific peptide
connected to aminoluciferin. Based on the same self-
immolative linker strategy, Chen synthesised a BODIPY-
derived fluorogenic probe (27.1) with phenyl acetamide as a
triggerable motif for penicillin G amidase detection.%?

Urano also reported g—glutamyl-transferase (GGT) fluoro-
genic probes based on spirocyclic caging of g-glutamyl hydro-
xymethyl rhodamine green,'*® with activation occurring by a
rapid one-step cleavage of glutamate to release hydroxymethyl
rhodamine green in its ring-open, fluorescent form. A modifi-
cation of this strategy!” added a fluoromethyl group at the 4-
position of the xanthene ring (31.1). Cleavage by the protease
liberates the fluoride anion to produce an azaquinone methide
intermediate (31.2) that can be attacked by intracellular nucleo-
philes (e.g. a group on a protein) to restore the hydroxymethyl
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diethylrhodamine (31.3) fluorescence and also trap the com-
pound within the intracellular space, via conjugation to an
intracellular protein.

114  AlEgen probes. Aggregation-induced emission (AIE) is
a fluorescence phenomenon proposed by Tang in 2001.118
Most conventional organic dyes exhibit aggregation-caused
guenching (ACQ) due to strong intermolecular p—p stacking
when at high concentrations and internal FRET. However, AIE
fluorogens (AlEgens) display weak or no emission as dilute
solutions, but exhibit strong fluorescence turn-on when aggre-
gated (Scheme 4).11° Restriction of intramolecular motions is
recognized as the general mechanism behind AIE and as such,
many AIE luminogens have structures that consist of one or
more ‘‘rotors’’ attached to a so-called ‘‘stator’’. In solution, the
rotors are twisted out of conjugation because of steric conges-
tion, but upon aggregation the rotors are prevented from
undergoing free rotation and the molecule enjoys maximal
conjugation, which results in the irradiative emission.*?® Cur-
rently, most AlEgens are derivatives of silole, tri- and tetra-
phenylethenes (TPE), distyrylanthracenes (DSA) and
tetraphenyl-1,4-butadienes (TPBD).'21 New strategies exploiting
AlEgens have been applied to protease detection, with probes
that self-aggregate upon cleavage and exhibit high fluorescence
emission. Classic AlIEgen protease probes consist of a peptide
substrate for the protease of interest with an AlEgen fluoro-
phore that will only become fluorescent upon aggregation of
several fluorophore units by hydrophobic interactions. An
example of an AlIEgen protease probe using tetraphenylethene
(TPE) was reported by Haibin,'?> where the fluorophore TPE
was conjugated to a caspase 3/7 cleavable peptide, that pre-
vented the dye from aggregating until cleaved by the protease
(32). Some of these constructs also contained a targeting moiety
e.g. an RGD motif for cancer cell targeting or morpholine for
lysosomal localization.123-128

A novel probe for real-time in vivo detection of MMP-13
activity in osteoarthritis was synthesized using a NIR emissive
AlEgen (33) based on a cyanine—pyrene unit, which introduced
a donor—acceptor system where a dimethylaminophenyl group
act as an electron-donor, while nitrile and pyridinium contain-
ing units functioned as electron acceptors.*?°
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Scheme 4 Fluorescent activation by proteases via aggregation-induced
emission.
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Yuan, developed a probe for apoptosis (34) based on the
sequential detection of caspases 8 and 3.13° The probe con-
sisted of a central peptide containing the two substrates
functionalised with two AIEgens with distinctive green (caspase
8) and red (caspase 3) emissions (Fig. 11b). The green and red
fluorescence were sequentially turned on when the peptide sub-
strate was cleaved by the action of caspase-8, cleaving the TPS
containing fragment, followed by caspase-3, cleaving the TPETH
containing fragment, with fluorophore aggregation in early apop-
totic cells (Fig. 12). In the same area, a theragnostic compound
(36) targeting cathepsin B/caspase-3'3! was synthesised, which
consisted of three components: an RGD targeting moiety, a
cathepsin B-activatable gemcitabine prodrug, and a caspase-3
specific reporter based on tetraphenylene (TPE) to give AIE.

Yuan developed a FRET-AIlEgen probe (35) where a caspase-3
peptide substrate was modified with a FRET pair,*3? with the
donor being a green emitting coumarin capping the amino
terminus. The acceptor, tetraphenylethenethiophene (TPETP),
was attached onto the carboxy terminus of the caspase-3
peptide. The probe was silent as the acceptor fluorophore
(TPETP) absorbs the energy from the coumarin, however, when
caspase-3 cleaves the peptide both fluorophores are released
and recover the emission of fluorescence at two different
wavelengths simultaneously. The same group developed ther-
agnostic probe combining a therapeutic moiety and an AIEgen
linked though the caspase-3 cleavable peptide using a
photosensitiser'?133 or a platinum(iv) prodrug.’®* Caspase-
mediated apoptosis, induced by the concurrently released
therapeutic agents, could then be measured based on the
fluorescence of the released AlEgen and aggregation.

Cheng published an MMP2 activatable reporter (37) for
cancer theragnostics,'® based on a doxorubicin hydrophilic
cell penetrating peptide conjugate linked through an MMP2-
cleavable peptide conjugated to a PyTPE fluorophore (Fig. 11e).
Upon cleavage by MMP2 the hydrophilic fragment containing
DOX enters cells, while the hydrophobic part self-aggregates
giving a strong yellow fluorescence emission.

An in vitro assay for protease activity!® has been reported
(38) that uses heparin to drive aggregation of the TPE fluor-
ophore (Fig. 11f). Heparin, a highly sulfonated (hence
negatively charged) aminoglycan induces the aggregation of
the positively charged AlEgen fluorophores by electrostatic
interactions, to give fluorescent enhancement. Histones have
a high affinity to heparin, and can displace the fluorophores,
reducing the fluorescence signal. If trypsin is added, the
histones are hydrolysed and the heparin-TPE retains the
fluorescence signal. Kaur developed a trypsin AlEgen probe!3”
based on electrostatic interaction driven aggregation induced
emission combining a negatively charged TPE dye and the
positively charged protein protamine. The tetra-anionic dye, a
sulphonyl-derivative of tetraphenyl ethylene (Su-TPE) is almost
non-fluorescent when free in aqueous solution but protamine
sulphate (PrS), an overall cationic protein, induces aggregation
of Su-TPE by electrostatic interactions and leads to a highly
emissive Su-TPE/PrS supramolecular complex with AIE charac-
teristics. In the presence of trypsin, the cationic protein is
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Fig. 11

Example of fluorogenic probes where protease cleavage activates AIE fluorescence. Arrows indicate cleavage site. (a) Probes for detection of

Caspase 3/7 based on TPE (32)'* or MMP-13 based on cyanine-derivates (33)'* AlEgens. (b) Cascade activatable probe with sequential fluorescence
signal in the green and red."° (c) FRET-AlEgen using a coumarin green emitting dye coupled to a TPETP AlEgen providing a dual signal upon cleavage
(35)."2 (d) Theragnostic AlEgen protease probe with a tumour targeting moiety, and different proteases mediating signal and therapeutic agent release."
(e) Theragnostic probe that releases the drug doxorubicin (DOX) and a TPE derivative that generates an AlEgen upon cleavage by MMP-2."** (f) An AlEgen
detection system based on negatively charge heparin and the positively charged TPE fluorophore that allows aggregation induced emission.'*®

digested and the supramolecular complex disassembles, redu-
cing the fluorescent emission.

A bimodal reporter using Gadolinium as a contrast agent for
MRI combined with an AlEgen fluorophore for optical imaging
was developed.'3® The probe used a DOTA-Gd(ir) chelate that
provides MRI signal enhancement, and TPE as the AlEgen
linked to a caspase 3/7 cleavable peptide. In response to the
protease, the Gd-AlEgen conjugate is released and aggregates
leading to increased fluorescence and MRI signals.

115 Bioorthogonal. The field of chemical biology has
been revolutionised by the advent of bioorthogonal reactions
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— chemical transformations that can be performed in living
systems without interference of biomolecules.’3%140 This
approach has been used to develop fluorogenic compounds
that amplify a fluorescent signal upon bioorthogonal
reactions,'#! with protease activity used as a trigger to allow
in situ synthesis of fluorophores (Scheme 5).

Romieu developed a reporter (39.1) whose mechanism of
activation was based on pyronin assembly triggered by a
protease.'#2143 Following peptidase cleavage and decaging of
an amino group, the mechanism involves in situ generation of
an unsymmetrical pyronin via cyclisation/aromatization
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Fig. 12 Detection of apoptotic cells using the AlEgen probe (34)."*° (a) Left: Fluorescence spectra of probe 34 incubated with caspase-8 with or without
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Chemistry, copyright 2017.
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Scheme 5 The concept of protease activation followed by a subsequent
bioorthogonal fluorogenic labelling reaction.

cascade (39.3). This strategy offers advantages over some pro-
fluorophore strategies as the fluorophore is not pre-formed (so
no background signal), but one potential disadvantage is that
the kinetics of the reaction might impact on the time the
system takes to assemble the dye. The design principle was
successfully applied to leucine aminopeptidase (LAP) and peni-
cillin amidase (PGA). Huo developed a g-glutamy!l transpepti-
dase (GGT) activating two-photon fluorescent probe (40.1)4
using a similar strategy. The probe could selectively detect GGT,
upon cleavage, with intramolecular cyclisation resulting in a
two-photon absorbing green emitting fluorophore.

Wu reported an approach using a ‘‘labelling after recogni-
tion’> mechanism with phosphorescence lifetime analysis.®
The approach was based on a caspase 3 specific substrate
modified with two independent bioorthogonal reactive sites
that allowed FRET-labelling (41.1). The strategy takes advantage of
labelling the cleaved fragments and the uncleaved full peptide
in the presence or absence of the protease. The novelty of this
approach is that the FRET labels are added by bioortho- gonal
reactions following cleavage by the protease, with the
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rationale that conventional FRET-labelled peptides used for
protease detection are pre-labelled and the bulky fluorophores
may hinder recognition and cleavage. Here, the FRET pair used
was an iridium(n) complex as a donor (41.2) (attached by strain
promoted alkyne—azide cycloaddition (SPAAC) and RhoB as an
acceptor (41.3) (attached via an iEDDAC tetrazine—norbornene click
reaction). In the absence of the protease, the intact peptide
with the bioorthogonally reactive moieties undergoes bis-
labelling of the uncleaved peptide and leads to a change in
lifetime via FRET, with the Ir(i1) complex emission quenched
due to the energy transfer to rhodamine B. However, the
phosphorescence lifetime of the Ir complex was not quenched
when labelling occurred after cleavage.4> Potential limitations
of this approach could come from incomplete labelling of the
full or fragmented peptide or by differing labelling kinetics in/
during the bioorthogonal labelling, an issue especially on more
complex samples.

Demonstration of molecules that undergo aggregation upon
activation and bioorthogonal cyclization were applied in mole-
cular imaging (Fig. 13c) using caspase-3/7-controlled self-
assembly of molecules into ‘‘nanoparticles’’'#6 as a measure
of the response of cancer tissue to chemotherapy. The intra-
molecular cyclization was possible by reaction between a free
Cys residue and a 2-cyano-4-hydroxy-quinoline (42.1) that pro-
ceeded under physiological conditions to form a thiazoline
linkage. This biocompatible reaction was possible due to the
reductive environment that generates the free thiol and enzyme
cleavage releasing a free amino group, which then mediate the
cyclisation reaction. The cyclic molecule (42.2) then aggregates
forming in situ fluorescent NPs. This aggregation enhances
retention inside the cell, increasing the in vivo half-life, while
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Fig. 13 Examples of bioorthogonal strategies for protease detection. (a) After cleavage by the protease, caged precursor (39.1 and 40.1) undergo
bioorthogonal addition/elimination to yield the fluorophore pyronin (39.3)'**'** or the two-photon-absorbing fluorophore (40.3)."* (b) FRET labelling
after cleavage by caspase-3.'* (c) Assembling strategies based on thiazoline linkage formation in response to GSH and Caspase 3/7'* or Furin.'? (d)
Excited-state intramolecular photon transfer based strategy, with cyclative cleavage following caspase-8 activation liberates the phenolic ester (44.3).'*
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Fig. 14 Fluorescence images of Hela cells treated with the bioorthogonal
Caspase-8 probe 44.1,'*® followed by treatment with the apoptotic
inducer Mitomycin C for 120 min. Left to right: Green channel (probe
44.1 (see Fig. 13d), red channel (Mitotracker) and merged channel.
Reproduced from ref. 148 with permission from American Chemical
Society, copyright 2016.

the precursor units, in the absence of the protease undergo
rapid clearance. The probe accumulated extensively in the
cytosol allowing visualisation of apoptotic bodies in cells and
tumour tissue using three-dimensional structured illumination
microscopy (3D-SIM). A combination of AIE and bioorthogonal
strategies were used in a probe designed for fluorescence
sensing of furin activity in vitro.'?” The probe (43.1) was cleaved
by furin exposing a free 1,2-aminothiol unit (43.2) that reacts
with the cyano group on a cyanobenzothiazole motif yielding
the more hydrophobic dimer (43.3) which self-assembles into
fluorescent NPs.

A fluorescent activatable caspase-8 probe, consisting of an
ESIPT (excited-state intramolecular photon transfer'4’) fluoro-
phore attached to a Cys-residue has been reported.!*® These
ESIPT fluorophores produce insoluble fluorescent aggregates
with fluorophores localized in close proximity to the enzyme
with enhancement of fluorescent emission — a process that is
similar, but different to AIE. The protease probe was synthe-
sized by a thiol-1,4 addition reaction*® of a Cys containing
peptide (caging group) with an acryloylated fluorophore (44.1).
Upon internalisation of the probe in cells, cleavage of the
peptide by activated caspase-8 results in intramolecular
bioorthogonal cyclisation, liberating the amino group which
reacts with an ester to release a 1,4-thiazepine seven-membered
ring (44.2).1% Decaging the fluorophore (44.3) switches on
bright green fluorescence by excited-state intramolecular
photon transfer, allowing high-sensitivity and high-resolution
imaging (Fig. 14).

12 Chemiluminescence

Chemiluminescence (CL) is a powerful imaging technology that
requires no external light source, does not suffer from photo-
bleaching and has negligible background luminescence, but
each molecule will only produce one photon. The phenomena
of chemiluminescence can be defined as the emission of light
resulting from a chemical reaction (Scheme 6) and differs from
fluorescence in that the generation of the excited state arises
thanks to the energy of a chemical reaction and does not
depend on light irradiation.*>! The field of chemiluminescence
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L

for imaging applications has grown rapidly with the discovery
of several natural and new synthetic luminogens.152:153

Synthetic chemiluminescent systems take inspiration from
natural bioluminescent systems that generate light following
two sequential reactions, firstly oxidation of a substrate by an

oxidizing agent or an enzyme into a ‘‘high energy intermediate’’
and secondly, the rapid decomposition of this intermediate in a
process that produces light, with the Luciferin/Luciferase/O2
system being the most studied.'*

In the last decade, the field of chemiluminescence for
imaging in vivo has expanded with synthetic modification of
the natural luminogens to move beyond the limitations of
natural luciferin.1%51% This includes tuning the emission
properties of the natural luciferin substrate to improve its
quantum yield and give NIR emission by increasing the con-
jugation of natural o-luciferin'®-1%0 or by exploiting FRET with
red shifted fluorophores.'6! Caging of luciferin by the addition
of a triggerable protecting group to the 6°%-OH/NH2 group
generates a non-recognisable substrate for luciferase (45.1)
allowing for turn-on of signal upon protecting group removal
by the given trigger (e.g. enzyme or analyte). This strategy has
been adopted to develop luminogenic probes for proteases
such as cathepsin B (46),1%2 chymotrypsin (47),63 carboxypep-
tidases A and B (48),'6* Caspase-1 (49)'% and furin (50 and
51)166 (Fig. 15a). A novel strategy was devised with the in situ
bioorthogonal assembly of firefly luciferin,*6” the design con-
sisting of two complementary caged precursors of luciferin, a
peptide-based probe (52.1) that released p-Cys in the presence of
Caspase-8 and a boronic acid probe (52.3) that released 6-
hydroxy-2-cyanobenzothiazole upon reaction with H202
(Fig. 15b). Once decaged, the two precursors undergo a
bioorthogonal condensation reaction to form o-luciferin (52.5),
with cyclisation between the carbonitrile and the thiol group of o-
cysteine, thus reporting simultaneously oxidative stress (H20x2)
and inflammation (caspase-8). Another approach focused on the
in situ assembly of the enzyme luciferase (instead of the
luciferin substrate) was engineered by Talley.’68 A modified
luciferase specifically activated by Caspase-1 was generated by
inserting a known target sequence into a ‘‘circular luciferase’’.
Cleavage by Caspase-1 allowed the generation of a functional
luciferase thus, generating a biolu- minescent system.

Natural bioluminescent organisms can modulate the colour
of light emitted by the same principles as FRET by coupling
luciferase to fluorescent proteins with overlapping spectral
properties.’®® Bioluminescence resonance energy transfer
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(BRET) systems for protease sensing take advantage of the
luciferin—luciferase system as an energy/light donor for fluor-
escent acceptors (generally GFP) and commonly use an opti-
mised luciferase-substrate system coupled to a fluorescent
protein through a protease cleavable linker. Upon cleavage
and energy transfer, emission from the fluorescent molecule
stops and the emission corresponds solely to the biolumines-
cent luciferase.17%-173 The original systems used a blue emitting
luciferase and GFP, but in 2020 the first red-shifted BRET probe
for detection of plasmin was reported.*’*

In an effort to simplify the system and remove the need
of the enzyme luciferase for oxidation of p-luciferin, Shabat
developed a series of caged 1,2-dioxetane phenols (53.1
and 53.2), highly stable compounds that rely solely on
decaging of the dioxetane phenol-protecting group to produce
luminescence.”>176 Upon interaction with the decaging target
trigger, an unstable phenolate—dioxetane intermediate (53.3) is
released producing the excited ester (53.4) that relaxes with
photon emission (Fig. 16a). Caging of 1,2-dioxetane intermedi-
ates have been widely used for protease sensing and generally
use a protease sensitive peptide conjugated to the 1,2-dioxetane
via a safety catch or self-immolative linker (54 and 55).177.178
The emission properties of the 1,2-dioxetane can be tuned by
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increasing the conjugation of the phenolate, adding a conju-
gated p system and an electron withdrawing group (EWG) at the
ortho-position.1” Using this strategy, chemiluminescent Cathe-
psin B probes were designed (56-58), that showed high
sensitivity!8° with enhanced tumour penetration by linking to
a tumour targeting peptide.'8 Recently, the speed of chemi-
excitation was also improved, allowing for greater light emis-
sion efficiency and better signal/noise ratios, by modifying the
ortho-phenol EWG functionality to an a,b-unsaturated car-
boxylic acid functionality. Using this system, a Granzyme B
probe (59), that could detect natural Killer cell activity in live
mouse models tumours,'82 was developed (Fig. 17). Using a
similar strategy, Bogyo developed a system for detection of M.
Tuberculosis,'83 that uses a chemiluminogenic FLASH probe
bearing the substrate of Hipl, a protease of Mtb (Ac-Igl-(4-Cl-
Phe)-Lys-Leu), where Igl is a the non-natural amino acid
H-(2-indanyl)Gly-OH. This probe (60) allows detection and
quantification of Mtb in human sputum samples in vitro and,
importantly, the system can differentiate between live and dead
bacteria. As such it shows real potential as a point-of-care
sensing platform, as do the PSA probes (61) developed by
Shabat that allows on-site measurements using a small porta-
ble luminometer,184185
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Fig. 16 Examples of protease probes based on chemiluminescence. (a) 1,2-Dioxetane phenols relying on decaging of the dioxetane phenol-protecting
group to produce luminescence from initial probes for Caspase 3 and PGA.'””'”® Optimisation of light emission efficiency by increasing the conjugation
of the phenolate in probes for cathepsin B,'*®'®' Granzyme B'®? or PSA.'®'8 Ac: acetyl group; Mu: morpholine carboxamide moiety. (b)
Chemiluminescence Resonance Energy Transfer (CRET) strategy for detection of MMP activity utilising a phenoxy-dioxetane luminophore and a

nitro-dabsyl quencher.'®’

Modifications of the emission capabilities of 1,2-dioxetane
probes by the addition of a fluorophore substituent at the meta-
position of the benzoate unit allowed significant amplification
of the signal thanks to transfer of light from the emission of the
chemiluminogen to the fluorophore by Chemiluminescence
Resonance Energy Transfer (CRET) (Fig. 16b). A model
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galactosidase triggerable probe'8® has been reported with great
potential for applications in protease sensing by replacing
the galactosidase moiety by a cleavable peptide.'®” Using
CRET, a phenoxy-dioxetane luminophore attached to a 7-
hydroxycoumarin scaffold was developed and linked to a
guencher-peptide construct. The coumarin-dioxane luminogen
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92 cells with the left tumour being NK cell-free. After 8 h of the NK cell
injection, probe was injected into both tumours. Reproduced from ref. 182
with permission John Wiley and Sons, copyright 2021.

exhibits intense and persistent chemiluminescence (62). Fol-
lowing the same principles as FRET conjugation of a non-
emissive quencher acceptor molecule to the luminogen
guenches any chemiluminescence emission until the peptide
is cleaved by the protease.

13 Optoacoustics

Photoacoustic imaging (PAI) is an imaging strategy that bridges
the traditional limited penetration depth and the resolution
limits of diffuse optical imaging. Some reviews have been
recently published!®-1% and thus here we will only report on
very recent papers, applications and novel concepts.

Chem Soc Rev
In photoacoustic imaging, a laser pulse is used to ‘‘illumi-
nate’” specific structures in the body by virtue of them contain-
ing molecules that absorb photons. This causes local heating
that generates pressure waves (the thermoelastic effect due to
vibrational and translational relaxation). These pressure waves
are in the ultrasound frequency range and as such can be
measured by traditional ultrasonic transducers to generate an
image. Photoacoustic imaging has rapidly been adopted in
preclinical in vivo imaging in small animals for a range of
disease indications, where it has provided in a non-invasive
manner, images that in essence show where optical energy has
been absorbed by detection of the acoustic waves generated. A
key attribute is that it can do this at depths of several centi-
metres while offering a resolution of B100 mm.

PAI can exploit the absorption capacity of naturally occur-
ring molecules, such as haemoglobin'®! and melanin,*®? how-
ever, probe-based contrast agents are now being used to allow
directed ‘‘molecular photoacoustic imaging’’ at greater depths
(Fig. 18). Typical molecules used in PAI have included indocya-
nine green (ICG) and methylene blue (MB) and some take
advantage of both the photoacoustic and the fluorescence
signals. The combination of optical and photoacoustic imaging
has become a widely implemented strategy (Table 1).193-195

Traditional non-fluorescent dyes of various types are actually
more efficient in terms of conversion of light absorption into
heat and acoustic signals'®:1°7 (simplistically it is better that
light is converted to heat and not emitted as a photon). Thus,
dyes offer greater thermoelastic expansion than fluorochromes,
making quenchers e.g. dabsyl and the so-called black-hole
quenchers (BHQ) good candidates for photoacoustic contrast
agents but any dye with a high extinction coefficient and good
conversion of light to heat should work well as contrast agents
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Fig. 18 Examples of some contrast agents and strategies for photoacoustic imaging.
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for PAL. One PA contrast agent reported recently used BHQ-1
conjugated to a cRGD targeting moiety.1%

Recently, activatable photoacoustic imaging contrast agents
have appeared. Design of these probes utilize similar approaches
to those discussed for fluorescence base probes (FRET, self-
assembly/bioorthogonal, pro-PAI, AlEgens), generating a specific
switchable signal upon alteration of their structure, with proteases
allowing disease-specific targeting/activation (Scheme 7).

NIR fluorescent dyes can act also as photoacoustic agents.
MMP-Prosense 680,1%° the NIR probe previously described, was
evaluated for photoacoustic imaging, achieving high-resolution
mapping of MMP activity deep in vulnerable plaques of intact
human carotid specimens. Multispectral optoacoustic tomo-
graphy allowed three-dimensional reconstruction of targeted
structures in vivo?® with morphologies similar to heteroge-
neous MMP activity but with better than 200 pm resolution
throughout intact plaque tissues and allowing volumetric
images of activatable molecular probe distribution deep within
optically diffuse tissues.

Levi?®! developed a FRET-based protease activatable PAI
probe using an AF750/BHQ-3 labelled MMP-2 cleavable peptide
that under physiological conditions generates two photoacous-
tic signals. Cleavage/activation generates a BHQ-3 labelled cell
penetrating peptide that results in accumulation of the PA
contrast agent into cancer cells and a NIR dye labelled fragment
that produces orthogonal photoacoustic signals.

Review Article

Using a similar approach to that covered in the pro-
fluorophores section, a urokinase-type plasminogen activator
(uPa) activatable probe was designed?®? that provides a turn-on
in fluorescence and photoacoustic signals and optimal renal
clearance due to the hydrophilicity dextran backbone. The
probe consists of a ‘‘caged’” dextran functionalised-Cyanine
dye, connected to a cleavable uPA peptide sequence via a self-

immolative linker. Upon cleavage by the protease, the dye is
decaged and its fluorescent and photoacoustic properties
restored. Using the same strategy, a probe for dual imaging
of acute kidney injury, cleavable by g-glutamyl transferase
(GGT), was developed by Chen (63, Fig. 19a),*** allowing real-
time imaging of kidney function at a molecular level (Fig. 20).
CuS nanoparticles, exhibit strong (broad spectrum) absor-
bance, and have been used as photothermal agents for tumour
ablation. As might be anticipated from their ‘“black colour’’
they absorb broadly and show strong photoacoustic signals at
930 nm. A probe based on a BHQ-3 labelled MMP-cleavable-
peptide conjugated to CuS nanoparticles was developed,?®
that provided a combination of two PA signals in absence of
the MMP. Upon cleavage by the protease, only the PA signal
from the nanoparticles remained. The probe successfully
sensed MMP-activity in mice in a promising alternative to
optical imaging techniques with improved detection depth.
Due to their strong and tunable optical absorptions gold-
based nanoprobes have been widely used as PAI agents. Probes
have been developed that produce a change in the emitted PA
signal and produce combined fluorescence signals in response to
proteases. Using a nanocage, a probe for MMP-2 was
developed,®* which produces a strong acoustic signal at
800 nm. In the intact construct fluorescence emission by the
Alexa Fluor 680-conjugated peptide was quenched by the gold
nanocage and producing a PA signal by illumination at 680 nm
indirectly. Upon MMP cleavage, the NIR dye is released and
cleared from the tumour tissue which results in changes in the
photoacoustic spectral signature, going from a signal contributed
by both reporters to one generated by the gold nanocage alone.
An optoacoustic activatable probe?® with capacity for simul-
taneous photoacoustic and NIR optical imaging based on a
self-assembly strategy activated by protease cleavage, driven by

Table 1 Photoacoustic probes
Modality Contrast agents Strategy Protease Sequence Ref.
Optoacoustics Cy5.5 dimer FRET MMPs Ac-K(PEG)-[K(PEG)-K(Cy5.5)) 199
K/K(Cy5.5)-K(PEG)],-
Alexa750/BHQ-3 FRET MMPs Not reported 201
Hemicyanine De-caging GGT GGR 194
uPa g-Glu 202
Cy5.5/QSY21 Self-assembly MMPs KCPLGVRGY 205
Photoacoustics CuS nanoparticles/BHQ-3 FRET MMPs GLPGVRGKGG 203
Gold nanocages/Dye 680 FRET MMPs GKGPLGVRGC 204
Purpurin 18 Self-assembly Gelatinase PLGVRG 206
ATTO740 Bioorthogonal Furin RVRRC 207
ICG Bioorthogonal Caspase-3 DEDV 208
Gas Vesicle Protein (GvpC) Buckling of the GvpC TEV ENLYFQG 209
PA/PTT/PDT Gold nanostars/IR — 780 FRET MMPs GPLGIAGQ 210
Introduction This journal is © The Royal Society of Chemistry 2022
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Fig. 19 Dual and aggregation based optoacoustic activatable probes. (a) Dual imaging, fluorescence/photoacoustic probe for detection GGT, cleavage
by the protease decages a cyanine dye with fluorescence and photoacoustic properties.” (b) Amphiphilic construct using QSY21 as a photoacoustic
agent and sulfonated Cy5.5 as a fluorophore. Amphiphilicity of the construct drives nanoparticle formation, while cleavage by MMP-2 disassembles the
nanoparticles and results in a change in photoacoustic signal.?®® (c) Bioorthogonal photoacoustic emissive oligomer forming probe for furin.?” (d) Dual
activation dependent probe for sensing of GSH and caspase-3 that results in photoacoustic emissive nanoparticle assembly.?%

hydrophobic interactions has been reported. The probe was
constructed with a near-infrared dye (Cy5.5) and a quencher
(QSY21) linked through a peptide substrate of MMP-2. The
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construct is amphiphilic as QSY21 is highly hydrophobic while
sulfonated Cy5.5 is hydrophilic, which drives self-assembly into
nanoparticles. When cleaved by the protease enhanced NIR
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fluorescence is generated, simultaneously with photoacoustic
signal ratiometric changes as the nanoparticle-assemblies dis-
aggregate. Photoacoustic emissions from the intact construct
were detectable with high intensity at 680 nm and at 730 nm.
Upon cleavage, a reduction in the 680 nm photoacoustic signal
was observed in an MMP concentration dependent manner
with the corresponding increase in fluorescent emission by the
de-quenching of Cy5.5 (the photoacoustic signal at 730 nm
remained constant (MMP independent) and served as a refer-
ence signal (64, Fig. 19b). Following the same mechanistic
principle (but in reverse), a self-assembling gelatinase probe
used Purpurin 18 as the functional photoacoustic stimulator?°®
with self-assembly upon protease cleavage leading to the for-
mation of photoacoustic emitting nanofibers. Another PAI self-
assembling probe (65.1) for detection of furin has been devel-
oped where cleavage leads to the formation of photoacoustic
emissive oligomers via a bioorthogonal reaction.?°” The activa-
tion of the probe via furin cleavage of the peptide substrate
released (ATTO740)-1,2-aminothiol that undergoes self-
condensation to form oligomers (65.3) containing ATTO740
(Fig. 19c¢). These nanostructures enhance the quenching effect
of the fluorophores thus minimizing radiative emission, which
increases the photoacoustic signal. The same bioorthogonal
reaction was used to design a caspase-3 probe.?°8 In this case
dual activation was dependent on caspase-3 and glutathione
(GSH). The construct (66.1) contained a cyano-6-
hydroxyquinoline (CHQ), a b-Cys residue, a caspase-3-
cleavable peptide substrate (DEVD), ICG and contained a cRGD
targeting peptide (Fig. 19d). Owing to aggregation-caused
qguenching (ACQ) the nonradiative relaxation process was
favoured, which increased the PA signal and decreased the
fluorescence of ICG.

Anupama recently developed photoacoustic probes for
the detection of proteases®® consisting of engineered gas
vesicle based biosensors, air-filled protein nanostructures
that change their ultrasound contrast in response to the activity
of different biomolecules. In this case, they used tobacco
etch virus protease (TEV). In presence of the protease, the gas
vesicle shell becomes less stiff, thereby allowing it to undergo
buckling and produce enhanced nonlinear ultrasound signals
that can be easily distinguished from the intact, non-digested
‘‘gas vesicles”’.

A theranostic approach based on gold nanostars was
developed?® with multiple and simultaneous imaging
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modalities. The probe consisted of a gold nanostars core
(photoacoustic and photothermal effector), conjugated to the
MMP-2 peptide (Ac-GPLGIAGQ) via BSA loaded with a NIR dye
IR-780, for optical imaging and photodynamic therapy.

2 Bench-top or in vitro applications

21 Colorimetric

Colorimetric sensing determines the presence or absence of
target analytes by measuring optical density (Beer—Lambert
law) and depends on the generation of coloured species. Due
to the advantages of simple operation with no need for com-
plicated instrumentation, colorimetric sensing offers a good
strategy for point-of-care diagnosis with test results that can be
interpreted with the naked eye (classic examples are Gram
staining of bacteria). This is useful in terms of speed of
analysis, and the reduction in the cost of testing in resource-
limited settings where sophisticated technologies and time
delays would limit application. In the field of protease sensing,
there are two main types of colorimetric probes used: colori-
metric probes based on enzyme-catalyzed organic chromogenic
substrates that form coloured products?’! and biosensors
based on modification of the surface plasmon resonance
(SPR) of noble metal nanoconstructs.?!? Indeed gold nanopar-
ticle (AuNPs) colorimetric assays are the most widely used with
many publications over the past 30 years taking advantage of
the  AuNPs excellent tunable properties as simple
chromophores?®3 with the optical properties of AuNPs depend-
ing on the SPR of the nanoparticles.?* Modifications of the
surface of the AuNPs can induce or prevent aggregation, which
correlates with changes in the SPR that leads to a colour
dependence (Scheme 8). The surface of the AuNPs are usually
modified using thiol-gold chemistry to simultaneously add
specific molecular recognition moieties and to tune the stabi-
lity of the particle suspension. Surface modification of the
construct by targeted biomarkers can trigger changes in the
aggregation behaviour of the AuNPs that can be visible by
the naked eye as a colorimetric response. Generally the aggre-
gated particles give rise to a distinct purple colour, while the
dispersed AuNPs look red. A simple protease colorimetric probe
can thus use peptides conjugated to AuNPs?5 e.g. via thiol
chemistry or by electrostatic interactions, with cleavage of the
peptide resulting in either induction or prevention of
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Scheme 8 The concept of colorimetric sensing based on gold nanopar-
ticle aggregation in response to the presence of proteases.

aggregation that results in a change in colour. The systems
based on AuNPs aggregation can use a ‘‘mix and detect’’ system
where standard unmodified gold nanoparticles (generally sta-
bilised with citrate) are mixed with a peptide. Alternatively, gold
nanoparticles may be pre-modified, where the protease sub-
strate peptide is immobilised on the surface of the nano-
particles which can then generate a visual response based on
the exposure to (or lack of) the protease.

A probe for MMP-7%1¢ was synthesised (67) using pre-
modified gold nanoparticles using a C terminal Cys peptide
substrate for the protease. The negatively charged peptide
sequence prevented aggregation of the AuNP until cleavage by
the protease, that removed the negatively charged residues
causing a reduction of the net charge and decrease in nano-
particle size, leading to a loss in stability of the nanoparticles
that would aggregate and shift from red to purple; a colour shift
detectable by the naked eye. A mix and detect system (68) used
unmodified free gold nanoparticles (citrate stabilised,
negatively charged) and a caspase-3 cleavable peptide.?'” The
peptide contained two adjacent Cys at the C terminus, three
negatively charged residues and one positively charged argi-
nine. When the peptide was pre-incubated with the protease,
the three negatively charged residues were cleaved off, leaving a
net positively charged thiol fragment that would be immobi-
lised on the gold nanoparticle via the cysteine side-chains and
induce aggregation (due to interaction between the positively
charged arginine and remaining negatively charged areas of the
AUNPs). When the free AuNPs were incubated with the mixture
of peptide and protease, a blue colour would be observed due to
aggregation whilst the incubation with the intact peptide and
no protease prevented aggregation retaining the initial red
colour.?*” Chen?8 reported a probe for MMP-2 (69) following
a similar strategy with the negatively-charged fragment on the
N terminus (as a Glus moiety) and the positively charged
residue being Lys on the thiol containing fragment.

Conjugation by electrostatic interactions has used peptides
containing high levels of positively charged residues that
coordinate with the free negatively charged AuNPs (citrate
stabilised) in suspension. Using this approach, a colorimetric
assay for trypsin was reported (72)?'° that used a hexa-Arg
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peptide as both a substrate for trypsin and to allow conjugation
to the nanoparticles. When the free (negatively charged) nano-
particles are exposed to the positively charged peptide, the
peptide intercalates between gold nanoparticles and induces
cross-linking and aggregation of Au-NPs leading to the red-
shift. If, however, the peptide is pre-incubated with enzyme
prior to exposure to the nanoparticles, the peptide is digested,
and the nanoparticles remain dispersed. Another probe using
electrostatic conjugation was reported??° which used negatively
charged carboxyl-functionalised AuNPs (using a carboxy-PEGi.-
thiol) in combination with a MMP substrate with hexa-His tags
at both ends (metal ions drive metal-affinity coordination
between the carboxyl groups and the His-tags). The intact
peptide therefore drives aggregation whilst the cleaved peptide
promotes the dispersion of the nanoparticles.

Ding??! used a ‘“mix and detect’’ trypsin (70) assay with a
peptide bearing a Cys residue at the C-terminus and a positively
charged Lys at the P1 position. Since the oligopeptide contains
both Cys and a positively charged Lys residue, it causes aggre-
gation of the citrate-stabilised, negatively charged, AuNPs.
However, since trypsin cleaves the peptide, separating the Cys
and Lys residues, the cleaved oligopeptide no longer causes
aggregation of the AuNPs.

Meng-Qi reported a novel strategy??? allowing the properties
of the SPR to be tunable via the modification of gold nanorods
(AuNRs) (Fig. 21c). This protease detector (71.1, 71.2, 71.3) was
based on a protease specific peptide with two central Cys
residues at the cleavage site. Cleavage by the protease thus
releases two fragments exposing the monothiol groups from
the Cys, that are otherwise non-accessible, and react with the
AuNRs causing morphological changes, with ‘‘new spikes’’
formed by addition of the peptides fragments to the surface,
resulting in unique SPR peak shifts that were also seen by the
naked eye (red-to-blue). Using this strategy, the group devel-
oped a probe for the detection of trypsin activity in a label and
instrument-free manner and with ultrahigh sensitivity, with a
LoD of 60 fM.

A colorimetric method for prostate-specific antigen (PSA)
detection was developed by Liu®?® using the formation or
inhibition of formation of AuNPs as a colorimetric indicator.
The method was based on ascorbic acid induced formation of
AuNPs, a process that can be inhibited by the presence of Cu?*.
HAUCI4 (74.1) can be reduced to form AuNPs (74.2) by ascorbic
acid (73.1), however, in the presence of Cu?*, ascorbic acid is
oxidised (73.2), and can no longer reduce the HAuUCIls. The
designed construct was based on peptide coated gold magnetic
microbeads containing a Cu?* binding triad (Asp-Ala-His) fol-
lowed by a PSA cleavable sequence (Fig. 22a). When the
protease is present, the peptide is cleaved and the Cu?* binding
triad released. Consequently, the copper ions are not trapped,
resulting in oxidation of ascorbic acid and no AuNP formation.
Alternatively, the Cu?* binding triad can be localized internally
so that it remains masked (Fig. 22b), but can be demasked by
proteolytic hydrolysis (b-secretase) exposing the Cu?* chelating
ligand. In this design, formation of AuNPs only happens in the
presence of the protease.??*
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Fig. 21 Examples of protease colorimetric assays based on gold nanoparticles. (a) Premodified gold nanoparticles conjugated to a cysteine terminal
cleavable peptide for MMP-7.7'® (b) Mix and detect strategies based on gold nanoparticles and stabilising peptides (with destabilising effect if protease is
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digested by trypsin.

Bhatia reported on the design and synthesis of protease
probes for pre-clinical use developing a series of colorimetric
assays/platforms as diagnostics tools for detection of disease
related proteases. They used a variety of peptide-modified
platforms that can be administered intravenously, activated
at the site of the disease and detected in the urine. The
urinary, colorimetric, in vivo assay?”® conjugates gold
nanoclusters (AuNC) to a carrier protein (neutravidin) teth-
ered to a protease cleavable peptide with a Cys residue for
binding to the AuNC (76-79). Exposure to the protease (throm- bin
or MMP) at the disease site, following IV administration,
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resulted in the release of the AuNC from the construct
enabling passage into the urine to produce a direct colori-
metric readout of the disease state. The strategy exploited the
peroxidase capacity of the ultra-small AuNC, with a size
<2 nm that also showed efficient filtration capacity through
the kidneys into the urine. These AuNCs had an intrinsic
catalytic peroxidase activity, catalysing the oxidation of
3,39,5,50-tetramethylbenzidine (TMB) (75.1), that could be
monitored by absorbance at 652 nm (Fig. 23a).

Zourob designed a series of low-cost, easy-to-handle, highly
sensitive and portable colorimetric biosensors (Fig. 24) capable
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of detecting different disease-related proteases (82, Fig. 24). The
method used a probe that consisted of a specific peptide
substrate covalently attached to magnetic beads through its
N-terminus and linked to a gold probe surface at the C-
terminus via a Cys residue. This construct resulted in a layer
of magnetic beads adsorbed on the probe surface masking its
golden colour in the absence of the protease. Upon protease
cleavage the peptide linkage between the magnetic beads and
the gold probe surface is lost and the released magnetic beads
were magnetically collected and analysed. This idea was
applied to develop portable probes for PSA,??6 HNE and Cathe-
psin G,%" Listeria monocytogenes protease?”® and P. aeruginosa
proteases.??®

Small molecules have found successful applicability in this
area with p-nitroaniline (pNA), a well-known reporter. Thus,
chromogenic peptides, conjugated to pNA (80.2) have been
used for colorimetric-based testing, which when conjugated
are colourless, but upon cleavage result in a colorimetric
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response.?®®  An interesting strategy was developed by
Dokyung, where an engineered procaspase-3 was modified to
be auto-inhibited in absence of the target protease (MMP-2) by
adding a weak reversible inhibitor linked to the enzyme by a
peptide linker (81) that was cleaved by the protease of interest
(Fig. 23b). This cascade system also used a chromogenic
caspase-3 substrate (Ac-DEVD-pNA, 80.1) to generate a chromo-
genic response with its hydrolysis rate reporting on MMP-2
activity.?1 Using pNA-peptides, immobilised on cellulose, a
paper-based chromogenic probe to detect inflammation was
developed.?3?

2.2 MS based detection

MS has been used as a method for a variety of proteomic
analysis studies including as a diagnostic tool to differentiate
disease from healthy profiles as well as staging and disease
monitoring. Proteome profiling for diagnostic purposes is a
thriving area in proteomics, however, the complexity of the
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samples and the inter-individual (not disease-related) hetero-
geneity poses challenges.?* Analysis of proteases via activity
profiling has attracted significant attention, but the complexity
of samples still poses a problem. Certain proteolytic fragments,
from high abundant serum proteins, are potential markers of
tumour-specific proteolytic activity that can be analysed in
blood/serum specimen, but they present a significant analytical
challenge. This problem can be circumvented using exogenous
synthetic substrates. Thus, “‘spiking’’ exogenous reporter pep-
tides into biological samples for the characterization of pro-
tease activity offers substantial advantages over profiling of
‘native’ proteomic serum. These reporter peptides allow accu-
mulation of signal to levels that are readily detectable with MS
and eliminate the background signal provided by high-
abundance ‘native’ proteins or peptides in the sample
(Scheme 9).2* When reporter peptides are added to the speci-
men, the proteolysis of these exogenous reporters produces a
unique MS spectrum that will be different in the absence or

g
%
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~ 0
of 5 Ms-msjz NS
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b

COMPLEX SAMPLES SPIKED
WITH MS-LABELLED PEPTIDES

Scheme 9 MS proteolytic profiling, where protease peptide
substrates are modified with MS tags (shown here in blue, red or green)
and used as reporters. Complex samples can be spiked with these mixtures
of reporters and the targeted proteases cleave the peptides releasing the
MS tags. Each tag has a unique MS spectrum and each reports on the
activity of a different protease.

EACH MS-TAG DETECTS
APROTEASE
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presence of the protease (excess reporter peptides are necessary
not only to ensure substrate saturation, but also to displace
competing natural substrates from any tumour-associated
proteases).?33

The use of isotopic MS tags has greatly simplified analysis of
complex samples with tagging of freshly generated peptide
fragments prior to separation and analysis allowing quantita-
tive MS/MS analysis of digested peptides. The first isotope-
based MS tags for peptides incorporated stable heavy isotopes
such as 3C, 5N,'80 and 2H with initial tags consisting of a
duplex system with ‘‘heavy/light>’ isotope tags,?3* allowing
comparison of two different conditions (Table 2).

ICAT (Isotope-Coded Affinity Tags)?*® is an isotopic, duplex
system of MS tags that contain a biotin moiety that allows
isolation by affinity chromatography, allowing co-elution of
isotopically labelled peptides for further analysis.?*® However,
screening of larger number of variable conditions was not
possible.?3” In 2002, isobaric tags were introduced, ITRAQ
(Isobaric Tags for Relative and Absolute Quantitation)?3® and tandem
mass tags (TMT)23%.240 a5 powerful tools for multiplexed MS proteo-
mic analysis. These tags contain multiple isotopic variants that are
chemically identical, and co-migrate in liquid chromatography
separations but offer different MS signatures.

Optimisation of MS reporter peptides led to the design of a
generation of reporters that used isobaric and non-isobaric iso-
tope mass tagging for targeting proteases overexpressed in dis-
ease. The reporters generally contained a specific peptide-based
substrate covalently linked to a MS tag. The tag-containing pep-
tides co-eluted in chromatographic separations, while the combi-
nation of reporter peptides could be analysed by MS/MS.
Findeisen developed a series of synthetic MS tagged reporter
peptides?5241.242 to help address a key challenge of protease
profiling in complex biological samples, namely the risk of
cleavage by non-specific peptidases, that are generally very abun-
dant in complex samples. This was achieved by incorporating a
flanking aminohexanoic acid groups in the peptide substrate that
successfully reduced degradation by native exopeptidases.?*?

Ouyang developed non-isotopic labels to screen for caspase-
3 cleavable peptides,?*® using MALDI-MS as the analytical
method with peptides labelled by virtue of a terminal malei-
mide handle. This demonstrated sensitive detection of caspase-
3 activity and offers a platform that would be applicable to
other proteases.

Bhatia?** developed a variety of synthetic biomarkers for
disease-related proteases based on photocaged tandem isobaric
peptides allowing up to 10-plexed protease analysis in a single
run for possible disease stratification (Fig. 25). The probes/
reporters consisted of nanocluster carriers, conjugated to clea-
vable peptide mass reporters for proteases overexpressed in a
variety of diseases. The reporters contained substrate peptides
with isobaric MS tags conjugated through a photolabile
linker?*> with an additional peptide that enhances renal clear-
ance. The nanocluster constructs were cleaved by disease
related proteases and since the released fragments were con-
nected to isobaric MS tags (via a photocleavable linker), this
allowed comparative relative abundance quantification of all 10
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Table 2 MS-based methods for protease profiling
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Systems/
Strategy Reporter peptide Type of tag Tag conditions Protease Ref.
Unlabelled Exogenous peptide Non-isotopic Tryptic digest of the 2 Non-specific Findeisen
peptide from bacteria N-terminal adenomatous polyposis 200823
coli protein
MS Synthetic protease Non-isotopic AhxAhx-HHHHHH 2 Cysteine- Peccerella
encoded  substrate with protease endopeptidase cancer 20102
peptide resistant label procoagulant Yepes
201124
Ahx-ateevIkl 2 Cysteine- Yepes
endopeptidase cancer 2012%°
procoagulant
Dual maleimide (DuMal) 2 Caspase-3 Ouyuong
2019
Isobaric tagged Isobaric One letter code 10 Thrombin Tissue Bathia
peptides (iCore) factor FXa 20202
p-Amino acids lowercase Cathepsin B
Note: Charges in the structures below refer MMP2
to isotope mass additions not formal MMP7
charges MMP8
€"3G*"%VndneeGFfsAr MMP9
€*2G*%Vndnee*'GFfsAr MMP14
€*1G**Vndnee"?GFfsAr
eG*%Vndnee*?*GFfs*Ar
eG*VndneeGFfs*Ar
e*G*'Vndnee " GFfs™Ar
e"*GVndneeG*SFfsAr
e*2GVndneeG*SFfs*Ar
e*'GVndnee*?G**FfsAr
eGVndnee*3G*SFfsAr
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Fig. 25 Mass tagged nanocluster carriers, conjugated to cleavable peptide mass reporters for profiling of MMP protease activity overexpressed in a variety of
diseases.”* The nanoclusters (each containing a different peptide sequence) are delivered to the disease site where overexpressed proteases release the isobaric MS
reporter tags that are filtered into the urine. The reporters in the urine are treated with light to release the MS isobaric tags that are analysed by MS/MS. NC: nanocluster

conditions/tags. One biomarker approach was developed for
detection of fibrosis using so-called iron oxide nanoworms as
carriers for the reporters,?*> with each nanoworm containing
multiple copies of the same isobaric peptide, with 10 different
isobaric nanoworm complexes co-administered. Cleavage of the
constructs led to reporters in urine, and an indication of active
protease present. Following the same approach, probes were
developed for the detection the protease activity in prostate?4®
and lung cancer.?*

2.3 Electrochemical

Electrochemical probes are a class of chemical probes in which
an electrode is used as a transducer element in the presence of
an analyte that allows generation of an electrochemical signal
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change. Electrochemical biosensors have been used for the last
60 years?*” and were first reported was by Clark and Lyons?*® to
allow measurement of glucose levels. Based on their mode of
operation and the type of electrode, electrochemical biosensors
can be classified as potentiometric, amperometric or impedi-
metric but all have in common the conversion of chemical
information into a measurable electrochemical signal.
Electrochemical protease biosensors offer some advantages
over those based on fluorescence as they can offer higher
specificity and sensitivity even in turbid or intrinsically fluor-
escent solutions. Many of these are also compatible with
miniaturisation and mass-manufacture for point-of-care
devices (Fig. 27).2*° Comprehensive reviews covering this area
include those by Vanova,?° Ming?* and Ong.'® Typically,
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protease analysis probes are composed of a redox-tagged recog-
nition peptide for the enzyme of interest, which is then
attached to an electrode surface (Scheme 10). The flexibility
of the peptide allows for the redox tag to come into contact with
the electrode surface to elicit an electrochemical signal. Upon
cleavage of the peptide by the enzyme of interest, the redox tag
is released into the bulk solution and a quantifiable signal
decrease can be used to determine enzyme activity. This was
demonstrated by a probe (83) developed by Liu with ferrocene-
labelled MMP-7-cleavable peptides immobilised onto a gold
electrode.?5! |n the absence of MMP-7, maximal voltammetric
signal was achieved as the redox labels were close to the surface
allowing redox cycling with the electrode surface. Observable
decreases in the signal corresponded to various levels of MMP-7
in solution with a limit of detection of 0.1 ng mL-1 p-
Aminodiphenylamine (pADA) and methylene blue have been
used as redox reporters in probes for thrombin (84)%%? and
MMP-9 (85),%% and similar approaches have been employed for

a range of other proteases including the cathepsin family,?5*
neutrophil elastase (87, Fig. 26)?%° and HIV-1 protease (88).2%6

Gold electrodes have been always the classical choice when
designing electrochemical protease probes, however, in recent
years, several novel electrode platforms have been used show-
ing excellent performance on protease sensing. Indium Tin
Oxide electrodes?” and carbon based electrodes are examples
of alternatives to gold electrodes used in the field. Embedded
vertical carbon nanofiber electrodes, separated from each other
forming a bush-like platform, were used for the detection of
Cathepsin B (86).2°8 These approaches reduce steric hindrance
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Scheme 10 Electrochemical sensing strategies for proteases. (a) Signal-
off detection. Cleavage by the protease, releases the reporter from the
electrode resulting in a decrease of signal. (b) Signal-on detection. Clea-
vage by the peptide demasks a high-affinity sequence that promotes

electrochemical reporter binding, resulting in an increase in the electro-

chemical signal.
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Fig. 26 Electrochemical detection of HNE (87).%*° (a) % signal change-
time course for substrate-modified electrodes immersed in varying HNE
concentrations (0, 10, 50, 75, 100 and 150 nM) in HEPES buffer. (b)
Adjusted signal, A (%), after 90 min plotted against the concentration of
HNE. (c) Electrical signal registered at different incubation times (0, 5, 10,
20, 60 and 90 min) for 100 nM HNE in HEPES buffer. Reproduced from ref.
255 with permission Elsevier, copyright 2018.

and improve temporal resolution. Novel Pt based microelec-
trodes for detection of trypsin were pioneered by Ucar,?® whose
results demonstrate similar specificity when compared to Au
electrodes and enhanced reproducibility and stability. How-
ever, all these strategies rely on a ‘signal-off” output, which may
be undesirable.

A label-free strategy can be employed to overcome these
drawbacks, wherein a peptide sequence is used to preclude or
promote the approach of a redox mediator to the electrode
surface; either by steric or electrostatic repulsion. An advantage
of this strategy is that peptide substrates can be used without
the need of a label, allowing for more sensitive assays. Cao has
demonstrated a general method using electrostatic repulsion in
a system where a peptide with a cationic region is immobilised
on the electrode. The peptide formed a layer that prevents the
penetration of the cationic [Ru(NHz)s]Cl2]* redox reporter due
to electrostatic repulsion, and no electrical signal was trans-
ferred. Upon the cleavage of the peptide, the positively charged
region was released and the reporter can approach the elec-
trode surface to produce a ‘‘signal-on’’ (89).25° However, this
signal requires the addition of an electrochemical reporter to
the assay. Deng designed a ‘signal off” probe, using [Fe(CN)s]*~/
4— as a redox reporter and a peptide immobilised to a gold
surface. A positively charged Lys in a peptide induced binding
of the negatively charged redox reporter resulting in an elec-
trical signal output. Upon the addition of the serine protease
PSA, the Lys residue was cleaved and the reporter no longer
binds the peptide, resulting in a decrease in the electrical
signal.?®* However, high background-to-signal ratios limit the
sensitivity of this method compared to redox labelled-peptide
strategies.

Li,%%2 using a gold electrode with immobilised peptides (via
11-mercaptoundecanoic acid) developed a system that con-
tained a ‘‘seed peptide’’ that accelerates/catalyses amyloid b
misfolding on the electrode surface. The incorporation of a
cleavable sequence between the anchoring fragment and the
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seed sequence allowed protease mediated release of the seed
motif (and prevention of amyloid formation) allowing the
electrode surface to be available for interactions with the free
redox reporter.

Another example that falls in between a redox-labelled
and label-free design is the ‘signal on’ system designed by
Ko0,%63 based on the triggerable interaction of a redox reporter
with the electrode. The system was used to report on the
presence of thrombin using ferrocene as the redox reporter
and a fibrinogen coated electrode. The electrode, coated with
Fc-fibrinogen, was susceptible to thrombin mediated hydro-
lysis of the coating fibrinogen, that ‘‘demasked’’ the surface
of the support.

Review Article

Other strategies that depend on a complex formation or
secondary triggered reactions have also been developed. Thus,
proteolytic activity has been measured electrochemically by use
of the cleaved peptide acting as a ligand for an electrocatalyst:
for example, an electrocatalyic reaction can be triggered by
caspase-3.2%4 Cleavage of the substrate peptide (90) released a
Cu(n)/Ni(n) peptide binding motif (Ser-Lys-His) that resulted in
the in situ synthesis of the reporter, a copper electrocatalyst for
water oxidation at the electrode surface. The use of water as a
substrate negates the need for addition of other reagents and
provides a straightforward and simple operating procedure
with low background current for caspase-3, and a LoD of
0.2 pg mL—2. This sensing platform was shown to be robust
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in complex media, such as cell lysate. Following a similar
principle, Wu?® developed a two-enzyme system (91) where
the catalyst in this case was alkaline phosphatase (ALP) and the
activating protease B lichenifromis. ALP catalyses the formation
of electrochemically active phenol. The system incorporated
streptavidin-alkaline phosphatase (Sav-ALP) on the electrodes
through a biotin-labelled peptide substrate. In absence of the
protease, streptavidin-alkaline phosphatase catalyses the for-
mation of a redox reporter, while in its presence the biotin
moiety was removed from the electrodes reducing the electro-
chemical signal.
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Chen?8¢ reported a system with a LoD for caspase-3 of 0.06
pg mL—! (~3 fM). The system used the triggerable binding of
methylene blue to the electrode by immobilisation of a peptide
substrate. Thus, an acetylated caspase-3 peptide substrate was
anchored into an electrode via a C-terminal Cys residue (94).
Cleavage exposed a free terminal amine group on the remain-
ing anchored fragment, which was able to covalently bind
graphene oxide. Electroactive methylene blue then bound
through p—p stacking and resulted in an increase of electro-
chemical signal. Meng?®” used graphene oxide for the in situ
generation of silver nanoparticles on a peptide functionalised
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gold electrode. In the absence of PSA, the graphene oxide was
immobilised on the peptide and silver nanoparticles were
generated in situ, resulting in an electrochemical signal.

Xia used an immobilised peptide—heme catalyst complex?58
to increase electrochemical signals in response to the b-
amyloid precursor protein enzyme 1 (BACEL). The construct
(93) consisted of a heme-binding segment (Abl — 16), the
heme being capable of the electrocatalytic reduction of O2. This
sequence was bound to the BACE1 substrate whose cleavage by
BACEL1 released the heme binding region of the peptide, such
that reduction of Oz was no longer possible.

Attempts have been made to incorporate amplification
within these systems to further increase their sensitivity. Mag-
netic beads or nanoparticles?®® functionalised with peptide-
reporter systems (94), have been used to assay activity in
complex media (e.g. blood or urine) and can then be extracted
and deposited onto magnetic electrodes, to allow analysis in
less complex media (e.g. aqueous buffers). Neutravidin coated
magnetic beads (95) were used for detection of trypsin®’® with
enhanced sensitivity and robustness in cell lysate and clinical
samples (probe consisting of neutravidin magnetic nano-
particles functionalised with substrate peptides via a biotin
moiety, labelled with a FITC antigen tag detectable by a labelled
antibody). In the absence of trypsin, the peptide probe was
intact and a high number of redox tags providing a large
amperometric response (using the hydroquinone (HQ)/HRP/
H202 system). While the presence of trypsin decreased the
amperometric signals. Fluorescence from cadmium telluride
guantum dots (CdTe-QDs) was converted into measurable
photocurrent by Liu,?"* using electrodes functionalised with a
peptide that contained a positively charged region to attract the
QDs (96). Upon trypsin cleavage, the QDs were released from
the surface and the signal decreased.

A related strategy was designed by Yuan to translate the
peptide cleavage event to a nucleic acid-based detection
platform.22  Peptide-functionalised magnetic polystyrene
microspheres were coupled to DNA-AuUNPs (97). The proteolytic
action of the enzyme of interest (MMP-2) decouples the DNA—
AuNPs from the peptide-microspheres with the DNA released
by proteolytic activity hybridising to a redox-labelled comple-
mentary strand of DNA. Next, an exonuclease Ill assisted
cycling signal amplification step was applied, whereby the
duplex DNA was selectively digested to release the redox label
(methylene blue), as well as the DNA-AuUNP. The electrode
surface, functionalised with a macrocyclic cavity (cucurbituril)
binds the redox label and provides an electrical signal. The
release of the DNA—-AuUNPs allows for another hybridisation
event to occur with cyclical amplification system allowing a
single DNA-AuUNP to allow multiple redox labels to approach the
electrode surface. The host—guest interactions at the electrode
surface provided a LoD of 0.15 pg mL—'. This ‘signal-on’
sensing platform allows for robust analysis, with multiple steps
preventing false positive results and could be applied to a range
of proteases in human serum.

Another method for amplification has been developed by
Hu?”® that combined the use of substrate peptides as a
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recognition element and RAFT polymerization for signal ampli-
fication. Thrombin substrate peptides were immobilised onto a
gold electrode via an N-terminal cysteine residue (98). Follow-
ing cleavage by thrombin, the electrode was immersed into a
solution containing a Zr(iv) source and a carboxylate-containing
RAFT initiator. Only at the site of the cleaved peptide (free
carboxylic acid), did the Zr complex form a bridge between the
carboxylate of the RAFT initiator and the peptide. The addition
of acrylate-ferrocene allowed polymerisation and recruitment of
multiple redox reporters at the site of cleavage, allowing for very
sensitive detection.

3 Summary and perspectives

In this review, we have discussed the recent advances, and high-
lighted the most relevant and novel substrate-based reporters
and strategies, for the detection of proteolytic activity.

The design of substrate-based reporters for the detection of
proteolytic activity needs to overcome a number of challenges,
namely the level of sensitivity can be a challenge when trying to
target relevant proteases where expression levels can be low;
while specificity is another key issue. This means that the
generation of highly specific probes to target a single protease
within a relatively broad family (e.g. caspases or MMPs),
becomes a difficult task due to overlap in substrate recognition,
while by-stander cleavage by generic/non-specific proteases is a
common problem. Most of the reporters described in this
review, target model proteases that are well understood and
have been extensively used in a variety of applications, but the
targeting of novel, low abundance, protease biomarkers
remains a challenge.

A key challenge in the area of optical probes remains their
in vivo application, due to poor tissue penetration of light
enabled by current imaging technologies and high background
signals from complex biological environments. However, sev-
eral reporters for proteolytic activity have entered clinical
studies e.g. for margin detection during surgery, in the last
decade. New strategies are driving improvements in tissue
penetration and background signal reduction with the shifting
of the emission of fluorescent probes into the near-infrared
region and beyond.

Photoacoustic imaging allows for enhanced tissue penetra-
tion and can be used in combination with fluorescence, reaping
the benefits of both worlds. Chemiluminogens show great
promise as alternatives to fluorescence, with virtually no back-
ground signal, with efforts focused on improvement of probe
stability and shifting of emission wavelength by tuning natural
substrates. Quantitative analysis is not easily achieved with
optical substrate-based probes and only a few examples exist
that allows quantitative analysis in association with signal
amplification. Activity-based probes, that covalently bind to
the protease following activation, can overcome this problem,
however, they render the protease inactive and provide no
signal amplification. There has been much work in the area
of theragnostics, with multimodal probes combining optical
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imaging-based diagnosis and therapeutic intent, using photo-
dynamic, photothermal strategies and activatable prodrugs.

On the in vitro-based application side, the novel applications
of colorimetric sensing and electrochemical sensors offer great
promise as low-cost and highly sensitive chemistries for point-
of-care testing, but the immobilisation of the substrate probe
can still present challenges. Electrochemical probes offer great
promise as a point-of-care technology with the possibility of
miniaturisation with relatively simple designs, however most
rely on a signal-off response. MS based protease detection is a
powerful tool for protease activity profiling, but a key challenge
is the complexity of biological samples, that can affect the
sensitivity/specificity of the assay and the resulting read-out.

The field of protease-based chemical probes is rapidly evol-
ving to allow further detailed analysis of proteolytic events. In
this review, we have described a few from the many examples of
each type of probe applied in a variety of situations. The
breadth of technologies developed enable access to protease
detection in almost any situation, be it in vivo real-time fluor-
escent imaging by applying the concept of aggregation-induced
emission or low-cost easily applied, colorimetric platforms for
use in resource-limited settings. The future of protease
chemical probes will continue to be bright, diverse and
innovative.
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1.4 Conclusions

Proteases are essential enzymes for proper cellular function and dysregulation of
protease activity has been associated with a variety of diseases. Detection and monitoring
of proteolytic activity is crucial to better understand the function of these enzymes and
their connection to certain pathologies, and many methods have been explored to
monitor and better understand their activity. Progress has been made in the areas of
optical imaging detection, point-of care diagnostics and bench-top detection that serve
not only to provide diagnostic tools but also as essential assets for the development and

evaluation of efficient inhibitors for therapeutic applications.

There are, however, still challenges in the field of proteolytic activity detection. The need
for high sensitivity and specificity are two of the most important ones. Interference from
other proteases in complex samples still poses a problem when trying to detect activity
specifically among other closely related proteases. Understanding the substrate
specificity of proteases is key to allow the development of successful detection methods,
currently, only a limited number of proteases can be monitored or detected, with the
substrate specificity of most proteases remaining unknown. Hence, there is a need for
better protease substrate screening methods to select the best substrates to be used in
method development. Sensitivity of current technologies is technique-dependent, with
methods like electrochemistry or mass spectrometry showing very low limits of detection,
however they are costly, and their applicability is limited, while others that might be most
cost-effective such as colorimetric or antibody labelling might allow the study of more
complex samples, but they require higher concentrations. Finally sample preparation time
and reproducibility of the method are also key factors to implement methodologies in the

market or the clinic.
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Chapter 2  Aims of the thesis

Monitoring the proteolytic activity of neutrophils and macrophages can provide
information on inflammation-related diseases and help tailor the disease treatment and
management. Indeed, the response to infection by these immune cells provides unique
signatures in acute and chronic diseases. This thesis aimed to develop a series fluorogenic
peptide-based probes for the detection of proteolytic activity in neutrophils and
macrophages allowing the monitoring of an immune cell’s response during inflammation

and offering a diagnostic tool for acute and chronic inflammatory diseases.

The first family of probes | synthesised monitored the proteolytic activity of neutrophils.
The probes designed targeted human neutrophil elastase, a protease produced by
neutrophils upon activation and whose abnormal activity has been linked to several
inflammatory diseases. These probes, with fluorescence emission in the green, were
successful used to monitor human neutrophil elastase (hNE) in activated neutrophils in
induced inflammatory conditions. The second family consisted of a series of optical
probes with emission in the near infrared region of the spectrum. These probes with
emission in the near infrared were validated for hNE detection in vitro and are currently

being validated in cells.

Finally, a probe for monitoring macrophage activity was developed that targets Cathepsin
D, a lysosomal protease involved in the bacterial fighting mechanisms of macrophages

and were used to detect the activity of Cathepsin D in a S. pneumoniae infection model.
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Chapter 3 Green fluorogenic probes for detection

of human neutrophil elastase

Parts of this chapter are published as:

M. R. Rios, G. Garoffolo, G. Rinaldi, A. Megia-Fernandez, S. Ferrari, C. T. Robb, A. G.
Rossi, M. Pesce, M. Bradley, Chem. Commun., 2021, 57, 97-100.

The probes were synthesised and validated in vitro by M. Rodriguez-Rios. Microscopy
images and flow cytometry assays HL-60 and primary human neutrophils were performed

by Gloria Garoffolo and Giulia Rinaldi, respectively.

3.1 Neutrophils

Neutrophils are granulated polynuclear cells, with cytoplasmic granules containing high
levels of the serine proteases (serprodicins) human neutrophil elastase (HNE), proteinase
3, and cathepsin G. 38 They are phagocytic leukocytes and are the most abundant immune
cells circulating in human blood and are amongst the first cells to be recruited to
inflammatory sites, providing a first line of immune defence against pathogens. 3° These
cells are very short-lived, thus if there is no immunological stimulus after 24 h following
their production and migration from the bone marrow, they undergo caspase-dependent

apoptosis. 3°

Neutrophils can destroy microbes by phagocytosis, degranulation and release of
proteases, and by producing neutrophil extracellular traps (Figure 4).%° In phagocytosis,
the pathogen is firstly taken up into a vacuole within the cell (typically by receptor-
mediated phagocytosis). The vacuole containing the pathogen produces highly toxic
reactive oxygen species and is fused with granules, which contain various antimicrobial

mediators and activated serprocidins, resulting in the destruction of the foreign material.
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During degranulation, azurophilic granules are released into the extracellular space,
allowing active proteases to be localised with, and kill, extracellular pathogens. In 2004,
it was discovered that neutrophils can also “trap” and kill microbes by producing so-called
neutrophil extracellular traps (NETs). 4 During what has been called “NETosis”,
neutrophils die and extrude chromatin studded with antimicrobial proteins in the
extracellular environment to entrap and kill invading pathogens, such as bacteria,*
viruses %% and fungi. ** Elastase activity is essential for the migration of neutrophils,
cleaving several connective tissue substrates, which is part of its role in allowing

neutrophils to reach sites of infection.

Overactivation of neutrophils and production of NETs has been associated with
inflammatory diseases,***® and has become a good biomarker and therapeutic target for

inflammation. 47- 48

nuclei

granules

degranulation phagocytosis NETosis

granules __— bacteria

phagosome histones

proteases ——
neutrophil extracellular trap

bacteria

proteases

Figure 4 Neutrophil-mediated mechanisms to fight infection. Degranulation, phagocytosis and NETosis.

3.1.1 Neutrophil Extracellular Traps in Disease
NETs are known to play pivotal roles in host defence, but aberrant NET formation has
been linked to acute respiratory distress syndrome (ARDS), #° acute lung injury (ALI), ¢

and more recently, COVID-19 infection. 4" > Indeed, neutrophils isolated from COVID-19
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patients are more susceptible to form NETSs; a response that correlates with severity and
mortality of the disease.*® NETs forming in arteries and veins are thought to be important
in initiating thrombosis in the vasculature, again of relevance during the
immunopathology in COVID-19 patients. 51  Several inhibitors for hNE have been
developed and some of them used clinically including the inhibitor sivelestat®? >3, which

has been used to treat COVID-19 patients.>3

Detection and visualisation of NETs has therefore become a potential tool for diagnosis
of NET-associated pathologies. To date, detection has largely been based on immuno-
staining of different NET markers, including DNA, histones and granule proteases such as
human neutrophil elastase (Figure 5), however, antibody-based imaging techniques have
a number of limitations, with limited intracellular accessibility due to their large size and,

when targeting enzymes such as proteases, they cannot give information on their activity.

Figure 5 Neutrophil extracellular traps imaging. Multichannel intravital microscopy was used to visualise
the liver of mice with systemic inflammation 4 h after the administration of 1 mg/kg LPS. NETs were stained
with fluorescent antibodies or dyes, injected i.v. 15 min prior to imaging. Extracellular DNA was labelled
with a Sytox Green DNA dye (5 uM), histone H2Ax was labelled with the antibody AF555-anti-H2Ax Ab
(5 pg), and neutrophil elastase (NE) was labelled with AF647-anti-neutrophil elastase Ab (0.6 pg).
Representative images of in vivo induced NETs induced in vivo using intravital imaging of the liver revealed
intravascular NETs consisting of DNA (green), histones (H2Ax, red), and neutrophil elastase (blue). The scale

bar represents 10 mm. Reproduced from reference 54 with permission from the Elsevier Inc®. >*
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3.1.2 Human neutrophil elastase (hNE)

Activated serine proteases are present in activated neutrophils®> and NETs.*® Human
neutrophil elastase (hNE) is one of the four key active neutrophil serine proteases and is
the most abundant serine protease, being the main component of neutrophils and stored
in the granules at millimolar concentrations. 3 Based on their primary cleavage
specificities, serine proteases can generally be subdivided into chymases, elastases,

tryptases, aspases, and metases.

e Chymases are chymotrypsin like proteases and cleave substrates after aromatic
amino acids.

e Elastases cleave after aliphatic amino acids.

e Tryptases after basic amino acids, arginine and lysine.

e Aspases recognise aspartic acid at the P1 position.

e Metases cleave after methionine, leucine or norleucine residues.

The powerful proteolytic activity of hNE relies on the serine residue in the His57-Asp102-
Ser195 triad (chymotrypsin numbering system) of hNE>® (Figure 6) with preference for
Val, Ala, or lle, in the P1 position®’ (cleavage site nomenclature, P2-P1-P1’-P2’). Elastase
activity is essential for the migration of neutrophils through connective tissue and the
destruction of microbes. It cleaves a number of connective tissue substrates, which is part

of its role in paving the way for the neutrophil to reach sites of infection. 3°
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Figure 6 Mechanism of peptide hydrolysis by human neutrophil elastase. Catalytic triad composed of His57-

Aspl102-Ser195.

Under usual physiological conditions, expression of hNE is tightly regulated and it is only
released upon exposure to an immune stimulus. >® hNE activity is also regulated in plasma
by protease inhibitors, such as antitrypsin and a2-macroglobulin, which form complexes
with the protease. 8 In the absence of inhibitors, or an overexpression of elastase, severe
tissue damage can occur and hNE activity has been related to pulmonary emphysema, >°
acute lung injury, > chronic obstructive pulmonary disease, *® glomerulonephritis, ¢
rheumatoid arthritis. ®* As such, hNE has become a validated biomarker for inflammatory

disorders and disease progresion®® and is a therapeutic target for drug discovery. 4 62

When it comes to protease detection, most substrates rely on chromogenic reporters or
fluorescent labels, including antibody labelling and peptide-based probes. For hNE, most
known substrates are based on the peptide sequence Ala-Ala-Pro-Val (P4-P1), which this
is also cleavable by the closely related serine protease Proteinase 3. 37 Only a limited

number of specific probes have been developed that have preference for hNE over
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Proteinase 3. hNE specific activity-based probes consisting of a short P4-P1 substrate
bearing a covalent warhead were developed from combinatorial libraries, 6 ¢* however
these are “always on” so their signal amplification is limited and result in inhibition of the
protease. hNE specific cleavable substrates include the self-quenching NE680 probe for
murine elastase® (see page 103, Figure 46) and the FRET substrates developed by
Korkmaz, based on the sequence Ala-Pro-Glu-Glu-lleMet-Arg-Arg-GIn, that is not
cleaved by PR3, however the latter are limited by their emission in the blue region of the
spectrum, and the presence of methionine (susceptible to oxidation), that limit their
applicability in vivo. % ®7 Thus, there is a need for tools that show high specificity,

sensitivity, and signal-to-noise ratios for the analysis of hNE.

3.1.3 Tribranched fluorogenic probes for the detection of neutrophil elastase

Detection and visualisation of hNE in activated neutrophils and NETs is key to understand
and develop therapies for neutrophil and NET associated pathologies and fluorescent
small molecule probes for hNE detection are excellent alternatives to antibody-based

imaging as they specifically detect the proteolytic activity of the targeted protease.

Fluorogenic peptide based “dendritic” or multi-branched probes can provide significantly
higher signal amplification and lower background noise®7° when compared to their linear
counterparts. Using this approach, a series of multi-branched fluorogenic probes to
detect neutrophil serine proteases activity in the lung were developed, that provide

information in either intra or extracellular environments. 7% 72

The first generation of tribranched substrate-based probes used an internal self-
guenching approach, where multiple copies of the same fluorophore were incorporated
in the structure leading to self-quenching of fluorescence between the fluorophores and
making the probes “relatively silent” until activated by the protease’® (see Figure 7), that
cleaved the peptide sequences and released the fluorophores from the construct,
allowing for an amplification of the fluorescence signal. Using this approach, an elastase

probe, a so-called Neutrophil Activation Probe (1, Figure 8), was developed. ’* However,
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the amplification of the signal here was limited, and the background fluorescence was

very high.

495 nm 495 nm 525 nm

\ \
O T

QSe\f-quenching 1
— e

&

‘®
@

Fluororophore Cleavable peptide
(5-carboxyfluorescein) (EEINIeRR)

Figure 7. Neutrophil Activation Probe (NAP, 1) relies on self-quenching of the fluorescein molecules
between themselves in the tribranched construct. Upon cleavage by hNE, the three molecules of fluorescein

are released, and the fluorescence signal is amplified.

In this case the peptide sequence, a substrate for hNE (Glu-Glu-lleMet-Arg-Arg), was
adapted from the previously reported peptide substrate by Korkmaz’> with the amino
acid in the P1’ residue replaced by norleucine (Nle) (this providing in vivo stability against
methionine oxidation). 7 In order to increase its water solubility and to provide space
between the fluorophore and the cleavage site, an ethylene glycol (EG) spacer was also
added (see Figure 8). This probe proved to be highly specific for hNE over other
serprocidins present in neutrophils during inflammation>” 62 (Proteinase 3, Cathepsin G)
and showed an ability to access the intracellular compartments in neutrophils despite

their high molecular weight.
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Figure 8. Structure of the so-called Neutrophil Activation Probe (NAP, 1). The cleavage site and is

highlighted in green (between the lle™Nle residues). 5-carboxyfluorescein is the fluorophore.

It is important to point out that NAP (1) is a fluorogenic probe, but unfortunately it has a
high background fluorescence due to low quenching efficiency and showed only a
(limited) 3-fold increase in fluorescence upon cleavage by hNE. Thanks to the use of
fluorescein, it can provide information on pH, being capable of tracking a variety of
processes associated with neutrophil activity without the need for cleavage. NAP was
evaluated in vitro and ex vivo before being used in a limited clinical study (NCT02804854),
where imaging of neutrophil activity was attempted in real-time but the probe’s high
fluorescence background levels and tissue autofluorescence resulted in limited/no

amplification/detection of the signal.

An updated version of the neutrophil activation probe (NAP), the so-called Neutrophil
Elastase Sensor (NES, 2) ”” was reported, and successfully incorporated two strategies into

a single compound both a “self-quenching” scaffold and FRET labelling.
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Figure 9. Neutrophil Elastase Sensor (2) relies on FRET quenching of the fluorescein (green pentagon) by
Methyl Red (black bead). A generic serprocidin substrate (grey beads) is capped with Methyl Red on at the
N-terminus and with the construct contains containing three molecules of fluorescein and three of Methyl

Red. Upon cleavage by hNE, the quenchers are released, and the fluorescence of the fluorescein restored.

This construct contained three quenchers (3 x Methyl Red) enhancing the quenching of
5-carboxyfluorescein by FRET, making this probe “super-silent” until activated by serine
protease activity (Figure 9 and Figure 10). Importantly this sensor provided an OFF/ON
fluorescent signal upon cleavage by hNE, however, NES was not specific for hNE as it used
a generic peptidic substrate (AAPV“) which is cleavable by many other serine proteases

including Cathepsin G and Proteinase 3.
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Figure 10 Structure of compound 2 (Neutrophil Elastase Sensor, NES). The cleavage site is highlighted in
green, between the ValLys residues. 5-carboxyfluorescein is the fluorophore (FRET donor) at the amino

terminus and the quencher (Methyl Red) is located at the C-terminal end of the peptide (FRET acceptor).

NES (2) provided an improvement in amplification of signal capacity when compared to
NAP (1) thanks to the presence of the Methyl Red quenchers, but amplification was still
limited. This limited amplification can be explained by the effect of self-quenching
following cleavage (during activation, Methyl Red containing fragments are released, but
three molecules of fluorescein remain attached to the tribranched “core” with their close
proximity leading to self-quenching, limiting fluorescence emission). It was also non-

specifically cleaved.
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3.2 Synthesis of fluorogenic probes for elastase detection

3.2.1 Synthesis of tribranched scaffold

The first step in the synthesis of the tri-branched probes was the synthesis of the trimeric
scaffold 7,78 that can be immobilized into a solid support to build the peptide sequences
(Figure 10). Thus, tris-nitrile 3 was prepared by the 1,4-addition of acrylonitrile to
tris(hydroxymethyl)aminomethane. ’° The free amino group in 3 was then Boc protected
using Boc,0. The three terminal nitriles in 4 were reduced to the corresponding primary
amines with borane—THF complex to 5. The free amino groups of 5 were protected with
8 (2-acetyl-dimedone) to yield 6. At this point, cleavage of the Boc group exposes the free
amine, which was transformed to the isocyanate 7 following the procedure reported by
Kndlker. 8 Purification steps reported following the synthesis of compounds 3 and 4 were
removed, with crudes taken forward. Thus, only one silica gel column purification was
required following the protection of 5 with 2-acetyl-dimedone, to give the pure scaffold

6, that can be converted into the corresponding isocyanate 7 in situ.

S CN
NC /\/CN o >
40% KOH, THF Boc,0, DIPEA, THF
— N e )}\ o >N
HoN 100% CN
o/\/CN /\/
3 4
8 Dde
HO BH3 THF | 4000
| 55°C
o o
07 > NH-Dde DMAP, Boc,0, THF 07 " NH-Dde 0> nh,
B % DIPEA, MeOH O
O\\C\ O/\/\NH*Dde /u\ O/\/\NHfDde /U\ O/\/\NH2
SN 20% TFA, DCM 07 "N < 0" SN
0" " NH-Dde - 0" " NH-Dde 69% )X\ H O/\/\NHZ
83%
7 6 5

Figure 11. Synthesis of the tri-branched scaffold 7. The overall yield was 8.4 %.
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Figure 12. Mechanism of formation of isocyanate 7 from the hindered amine 6.1.

The isocyanate formation reported by Knolker® is based on the conversion of highly
hindered amines into isocyanates in the presence of Boc,O and stoichiometric amounts
of DMAP leading to the synthesis of the corresponding isocyanate (instead of the Boc
protected amine). DMAP first reacts with Boc,0 to give Boc pyridinium in a stoichiometric
ratio to form the Boc protected DMAP. Nucleophilic attack of the amine at the tert-
butoxycarbonyl group on the pyridinium leads to loss of tert-butanol and formation of
6.2. Finally, loss of the pyridinium leaving group results in formation of the isocyanate 7
and re-generation of DMAP. The reaction is predominantly occurring via pathway A,
whilst pathway B (conventional Boc protection using catalytic amount of DMAP) would

lead to the formation of the Boc-protected amine.

3.2.2 Neutrophil Elastase Sensor (NES)

For the synthesis of NES (2), the tribranched isocyanate scaffold (7) was inmobilised into
an aminomethyl ChemMatrix (0.7-1 mmol/g, 100-200 mesh) resin via an Fmoc-Rink amide

linker using DIPEA and DMAP. Once the tribranched compound was immobilized into the
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solid support, the Dde protecting groups were removed using 2% hydrazine in DMF and
the resulting free amines served as the starting point to build the peptide sequences by

standard Fmoc SPPS with DIC/Oxyma as the coupling combination (Figure 13).
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Figure 13. Procedure for the synthesis of the tri-branched probe 2 (NES) on the solid phase. The tribranched
scaffold (7) was immobilised on an aminomethyl resin. This was followed by standard Fmoc solid-phase
peptide synthesis to build the FRET labelled peptides. The last steps involved orthogonal deprotection of

the lysine and incorporation of the 5-carboxyfluorescein fluorophore.
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Fmoc-Lys(Dde)-OH (9) was synthesised from Fmoc-Lys-OH-HCI®! by protecting the amino
side chain using 2-acetyldimedone (8), which was synthesised from dimedone in presence

of acetic acid, DMAP and EDC-HCI (Figure 14).
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Figure 14. Synthesis of compound 9. The Dde protected lysine was synthesized from Fmoc-Lys-OH-HCl and

allowed orthogonal deprotection of the lysine side-chain amino group during SPPS synthesis. Yield 66%.

Fmoc-Lys(Dde)-OH (9) was coupled onto the three free terminal amino groups on the
immobilised tribranched scaffold, followed by the consecutive Fmoc-amino acids. Fmoc-
Lys(Dde)-OH (9) allows orthogonal deprotection to incorporate the fluorophore 5-
carboxyfluorescein in the last step before final cleavage from the resin (Figure 13). Each
deprotection and coupling step was verified by ninhydrin tests and cleavage tests were
performed following certain couplings to allow the intermediate peptides to be analysed

by HPLC and MALDI-MS and ascertain problematic couplings.

NES (2) was isolated via semi-preparative RP-HPLC purification (90% purity), but in an
overall yield of only 2%, (attributed to the complexity of the tri-branched compound with
many impurities with similar retention times. The absorbance spectrum was consistent

with the FRET pair choice, with a maximum absorption observed at 500 nm due to the
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presence of the dyes (5-carboxyfluorescein and Methyl Red) with MS data consistent with

the structure of the desired probe.

° Biological evaluation of NES

The probe when exposed to hNE gave full activation within seconds (Figure 15b),
providing a maximal 8-fold increase in fluorescence after 10 min. Since NES was designed
to target the three serprocidins that are present in neutrophils following an immune
challenge, Proteinase 3 and and Cathepsin G were also observed to cleave the probe

(Figure 15c).
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Figure 15. a) Absorption spectrum of the NES probe (5 uM) measured in the range from 350 to 700 nm; b)
The time-dependent activation of fluorescence emission (de-quenching) of NES (2, 5 uM) following
incubation with or without hNE (100 nM, n = 2). c) Specificity assessment of the NES (5 uM) incubated in
HEPES buffer pH 7.4 or in the presence of 100 nM of hNE, Proteinase 3 (PR3) or Cathepsin G (CG) (37°C, n =
2). Ctr: Control, no hNE.
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To evaluate the probe’s capacity to detect hNE in cells, primary human neutrophils were
isolated from healthy patients and activated in presence of calcium ionophore activator
(A23187) 82, which binds calcium ion triggering an influx of Ca?*across the plasma
membrane into the intracellular space in neutrophils. 8 High levels of intracellular
Ca?* result in activation of neutrophils and lead to granule proteases activation and ROS
production via activation of the NADPH-oxidase, effective mechanisms to kill bacterial

pathogens by digesting them or damage their DNA, proteins, and cell membranes. 8

untreated + A23187

Figure 16. Calcium ionophore A23187 (10 uM) activated neutrophils in the presence of NES (2) show a
moderate increase in fluorescence signal from the probe. Calcium ionophore A23187 (10 uM) and NES (5
KUM) were incubated with the neutrophils for 30 min at 37°C. The nuclei were stained with Hoescht (5 uM)
for 30 min before acquiring the images. a) Green channel (NES) (Aex: 447-494 nm Aem: 500-554 nm) b) Blue
channel (Hoescht) Aex: 340-395 nm Aem: 430-505 nm c) Merged. Scale bar = 75 um. Imaged with EVOS FL
AUTO2 Cell Imaging System. Images from G. Rinaldi.

Green fluorogenic probes for detection of human neutrophil elastase - 66 -



Upon activation of neutrophils, an increase in fluorescence was detected in neutrophils
that were exposed to the calcium ionophore activator (A23187) and NES (Figure 16) and
no fluorescence was observed in the neutrophils that were not exposed to the activator
(but in the presence of NES). However, no significant differences were observed between

NETotic and non-NETotic neutrophils (not shown).

3.2.3 Optimisation of the probe - HNE-FQ (11)

In an attempt to tackle the key limitation of signal amplification that both NAP(1) and NES
(2) suffered from, the design was optimised incorporating the best features of both
probes; the high specificity for human neutrophil elastase of NAP and the “super-silent”

character of NES while using the tribranched approach for signal amplification.

495 nm 495 nm

FRET \ 525 nm

-

hNE

3f
— e, L
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. Fluororophore Quencher Cleavable peptide
(5-carboxyfluorescein) (Methyl Red) (EEINIeRR)

Figure 17. HNE-FQ uses the highly selective substrate used in NAP and FRET quenching with the FRET pair
FAM and MR. Upon cleavage by hNE, the fluorophores are released far from the three quenchers (that

remain as part of the core).

° Probe design and synthesis

The design used the same trivalent scaffold combined with three FRET-labelled peptides

using the highly specific sequence for hNE used in NAP (1) and the same FRET pair as used
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in NES (2), 5-carboxyfluorescein and Methyl Red. # In order to improve the signal
amplification capacity of the probe, a reorientation of the FRET pair was investigated, with
5-carboxyfluorescein located at the amino terminus of the peptide, with Methyl Red
located at the C-terminus of each peptide chain. This design allowed the release of the
three peptide fragments, each containing a 5-carboxyfluorescein moiety, allowing signal
amplification, and preventing the linear quenching that NES (2) suffered from, allowing

full activation/amplification upon cleavage by the protease.

In order to simplify the synthesis of the probe and to avoid the need for orthogonal
deprotection® on the lysine (which can complicate the synthesis of these branched
peptides due to incomplete deprotection on one or more branches), the quencher Methyl
Red was incorporated as the building block Fmoc-Lys(MR)-OH (10) and was synthesised
by coupling Fmoc-Lys-OH with the activated NHS ester of Methyl Red (Figure 18).

H
| i) DCC, NHS, THF O. O\H/N\)J\OH

if) Fmoc-Lys-OH-HCI

O«__OH N
/©/ ~  DIPEA, anh. DMF 0
Na
N >

32% 10

Figure 18. Synthesis of compound 10. The quencher containing amino acid was synthesized from Fmoc-Lys-
OH by coupling of the Methyl Red quencher on the €-amino to simplify the synthesis of the tribranched

compound by avoiding the need for orthogonal deprotection during the SPPS.

HNE-FQ (11, Figure 19) was synthesised using a similar approach to that described for NES
(2), with isocyanate 7 immobilised onto an aminomethyl ChemMatrix resin (Figure 13)
and the quencher containing lysine residue (10) incorporated as the first amino acid (using
DIC/Oxyma). Attachment of the fluorophore (5-carboxyfluorescein) was carried out as the

final step.
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Figure 19. Structure of HNE-FQ. 5-carboxyfluorescein is the fluorophore (FRET donor) at the amino terminus
and the quencher (Methyl Red) is located at the C-terminal end of the peptide (FRET acceptor). The cleavage
site is highlighted in green, between the lleT"Nle residues and a bis-ethylene glycol spacer was incorporated
between the last amino acid and the fluorophore, to increase hydrophilicity and promote aqueous

solubility.

Initially, attachment of carboxyfluorescein was done using the coupling combination of
DIC/Oxyma. Semipreparative HPLC purification gave the trace shown in Figure 20, with
the desired compound isolated in very low yield. On an attempt to improve the purity of
the product (due to the issue with the fluorophore coupling step), a new set of coupling
conditions were explored, using the NHS ester of 5-carboxyfluorescein diacetate. The use
of the NHS ester led to a much higher purity of the crude product dramatically increasing

the yield and ease of purification.
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Figure 20. Reverse phase semipreparative HPLC chromatograms (detection 495 nm) showing the
differences in the purity of the crude peptide following the final coupling using two different coupling
combinations: 5-Carboxyfluorescein/DIC/Oxyma (left) or the NHS ester of 5-Carboxyfluorescein diacetate
(right), and the corresponding pure traces after purification (bottom traces). The flow rate was 2.5 mL/min
and eluting with 0.1% FA in H20 and 0.1% FA in ACN, with a gradient of 5 to 95% B over 35 min and an initial

isocratic period of 2 min.

) In vitro validation

The absorption and emission spectrum of HNE-FQ (11) were consistent with the
absorption of 5-carboxyfluorescein (Figure 21a) and the probe was optically silent.
However, the addition of hNE (100 nM) rapidly de-quenched the probe (5 uM) (within

minutes) with a 20-fold increase in fluorescence, while pre-incubation with hNE inhibitor
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sivelestat (100 uM) (Figure 21b) resulted in no increase of fluorescence (Figure 21b). The
closely related neutrophil serine proteases Cathepsin G and Proteinase 3, showed

negligible cleavage demonstrating that the probe was specific to hNE (Figure 21d).
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Figure 21. a) Absorption spectrum of probe HNE-FQ (11, 5 uM) ; b) Fluorescence emission spectrum of the
HNE-FQ (11, 5 uM) before (black) and after (green) 40 min incubation with hNE (100 nM), n = 2, (ex/em =
495/528 nm); c) The time-course de-quenching of the probe (5 uM) following incubation with hNE (100
nM), in the presence or absence of the inhibitor sivelestat (SIV, 100 uM) n = 3. B = buffer; E = enzyme; P =
probe; | = inhibitor. d) Specificity assessment of the probe (5 uM) incubated in the presence of hNE (100
nM) and related serprocidins Proteinase 3 (PR3, 100 nM) and Cathepsin G (CG, 300 nM) with time at 37°C,
n = 3. Ctr: Control, no hNE
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Specific hydrolytic cleavage in HNE-FQ, between lle*Nle, was confirmed following probe
incubation with hNE by analysis of the reaction mixture by MALDI-TOF MS and LC-MS and

confirmation of the appearance of peaks with the expected masses (Table 1).

Table 1. Cleavage site confirmation of probe HNE-FQ (11) using mass spectrometry.

Fragment Chemical formula Method Expected m/z Found m/z
Full probe C260H351N 59067+ MALDI-TOF MS 5375.10 5371.00
N terminal Ca3HagN4O17* LC-MS 893.3 893.2
C terminal

C174H259N51035* MALDI-TOF MS 3625.01 3625.09

(1-branched)

C terminal
C131H213N47010* MALDI-TOF MS 2750.72 2750.63
(fully cleaved)

In order to determine the catalytic parameters of the probe, hNE was incubated with the
probe at concentrations ranging from 0.04 uM to 100 uM (in triplicate). At higher
concentrations of the probe (50 to 100 uM), saturation of signal was observed. The
relative fluorescence was plotted against time (min) to allow initial (linear) velocity values

(Vo) (during the first 10 min of reaction) to be determined (Table 2 and Figure 22).

Table 2. Initial velocities at increasing concentrations of probe HNE-FQ * Excluded data due to saturation
of signal. Velocity units were converted to M/s using the conversion factor [P]/RFUmax, where [P] is the
concentration of the probe and RFUmax the maximum fluorescence emission provided by the probe once
fully activated at that given concentration). The conversion factor was calculated from the activation profile
of HNE-FQ at 5 uM, whose maximum fluorescence emission (RFUmax) observed was 2071 units (conversion

factor is 0.000005/2071).

[Probe] Er Vo Vo
1/[Probe] 1/V,

(uM) (nM) (RFU/min) (M/s)
50* 143.7* 5.8 x 10" 2.0 x 10%* 1.8 x 108"
25 173.7 7.0x10° 4.0 x 10* 1.4 x108
125 169.8 6.8 x 10° 8.0 x 104 1.5 x 108
5 100 88.4 3.6 x 107 2.0x10° 2.8 x 108
1 25.0 1.0x 10° 1.0 x 108 9.9 x 108
0.2 6.3 2.5x1010 5.0 x 106 3.9 x10°
0.04 1.4 5.8x 1011 2.5 x 107 1.7 x 1010
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Figure 22. a) The time-course de-quenching of probe at increasing concentrations following incubation with
a constant concentration of hNE (100 nM). Reference lines indicates the cutoff time (10 min) for calculation
of initial velocity. b) Conversion factor [P]/RFUmax, Where [P] is 5 uM, concentration of HNE-FQ, and the
maximum fluorescence emission (RFUmax) observed following full activation was 2071 units. n = 3 c) Initial
velocity plots were calculated based on the linear section of the curve, over the first 10 minutes of activation

and used to plot Michaelis Menten and Linewaver-Burk plots , plots display average of n = 3.
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Figure 23 a) Michaelis Menten curve generated from the initial velocities calculated in the range of 0.04 to
25 uM. Linearisation of the data allows generation of c) Lineweaver Burk plot (1/V vs 1/[P]) or d) Eadie

Hofstee plot (V vs V/S). All datapoints are n=3.
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The values of 1/V were plotted against concentration of probe 1/[S] to give a Lineweaver-
Burk Plot allowing kinetic values to be determined, Km was 2.9 UM, Vmax4.3 nM/s and kcat
0.04 s1. The catalytic efficiency (Kcat/km) was 1.5 x 10* M1sL,

The probe should be able to provide information on the activity of elastase at
physiological pH, therefore it was important to evaluate the effect of pH in the probe,
since the fluorescence emission of fluorescein shows pH dependency®-®, with the

fluorescence emission and absorption significantly reduced below neutral pH (Figure 24).
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Figure 24 a) Fluorescence emission and b) absorption spectrum of 5-carboxyfluorescein in different pH

buffers (pH’s 4, 5, 7 or 9).

The pH dependency of fluorescein has been understood for some time, with several
experimental studies reported to better understand the effect of the different
protonation states of the fluorophore on its photophysical properties. When evaluating
the quantum vyields of the different protonation species of fluorescein, the dianion has
the highest quantum yield (® = 0.9-1.0) for emission at 510 nm, the quantum yield of the
mono anion is estimated to be 0.2 to 0.3 (at pH 5.5) with the neutral forms even lower.
At acidic pH’s a cation with a blue shift in emission is formed, with a maximum emission

at 475 nm. 82
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The neutral and mono-anionic forms of fluorescein coexist with their corresponding
lactone form, that results from cyclization with the carboxylic acid leading to a non-

conjugated and therefore non-fluorescent compound (Figure 20). &

pKa 4.3 pKa 6.5

O o pKa 1.5

dianion

Fluorescence Intensity (510 nm)

pKa 4.3
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Figure 25 Fluorescein protonation states at different pH and their relative fluorescence intensities. Adapted

from reference 88 with permission from MDPI, Basel, Switzerland. %

The effect of pH on the fluorescence signal of HNE-FQ (11) was assessed by evaluating the
fluorescence emission of cleaved and uncleaved probe. The fluorescence intensity, as
expected due to the pH sensitive nature of the dye, decreased with pH (Figure 26). The
fluorescence signal changes were also evaluated in different biological
microenvironments by analysis of the intact or activated probe in reaction buffer
(control), complete cell media, 10% fetal bovine serum (FBS) or Hela cell lysate. The
fluorescence signal of the activated probe was not affected over time under these
conditions and, similarly, the intact probe was not activated or switched-on in any of the

media evaluated in absence of hNE.
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Figure 26 a) Effect of pH on the fluorescence signal of the cleaved and uncleaved probe. Stocks of cleaved
and uncleaved probe were generated by incubating the probe (85 uM) in 50 mM HEPES pH 7.4, in a final
volume of 200 pL, with or without hNE (100 nM). Cleaved or uncleaved probe solutions (15 uM) were added
to the different pH buffers (4.0, 5.5, 7.4 and 8.5) and fluorescent intensities measured using a fluorescence
microplate reader, n = 3. b) The effect of different biological microenvironment on the fluorescence signal
was evaluated by incubating intact or hNE cleaved probe (15 uM) in HEPES buffer (control), complete cell
media, 10% Fetal Bovine Serum (FBS) or Hela cell lysate) and incubated for 2 hours at 37°C in a final volume
of 50 uL. Fluorescence intensities were read using a fluorescence microplate reader (for the Hela cell lysate
cells, a T25 at confluency was used, cells were resuspended in sterile water (5 mL), approximately 1 million
cells/mL, and incubated for 30 min at 37°C). The resulting lysate was centrifuged at 13000 g for 10 min and

the supernatant collected and used immediately. Ctr: Control, no hNE, n =3.

Finally, to prove that HNE-FQ provides a significantly higher amplification capacity
compared to the previously designed probes, the activation profiles of the different
probes were compared. The probe (5 uM), when incubated in presence of the hNE,
provided a 22-fold increase in signal within one hour of incubation, while that increase

was only about 6-fold for NES (2) and 3.7-fold for NAP (1).
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Figure 27 a) NAP (1), NES (2) or HNE-FQ (11) (all at 5 uM in 50 mM HEPES buffer pH 7.5) were exposed to
hNE (100 nM) and activation was monitored over 30 minutes at 37°C. b) Bar plot showing the maximum

fold increase observed upon activation of all three probes. NAP n = 3; NES n = 2; HNE-FQ n = 3.

The optimised design in HNE-FQ (11) tackles the limitations of the two previous designs
by reorienting the FRET pair labels on the peptide sequence (5-carboxyfluorescein on the
N-terminus and Methyl Red on the C-terminus), allowing full release of three
carboxyfluorescein fluorophores. This rearrangement resulted in a significant

improvement in the signal amplification upon probe activation (22-fold).

Taken together, optimisation of the previous elastase probes led to probe HNE-FQ, which
showed a significant improvement in fluorescence signal amplification and a major

reduction in background fluorescent levels.

° Detection of elastase in activated neutrophils by flow cytometry

To evaluate if HNE-FQ was able to detect hNE in neutrophils, primary human neutrophils
were isolated from healthy patients (and activated by exposure to calcium ionophore
A231878%2 or chemoattractant fMLF). °° fMLF is a bacterial peptide that acts on receptors
FPR, FPRL1%, and leads to release of Ca®' from the endoplasmatic reticulum via
phospholipase C signal transduction pathway. Both fMIF and A23187 result in high levels

of intracellular Ca?* that trigger activation of neutrophils. &
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When primary human neutrophils were exposed to fMIf or the calcium ionophore A23187
and stained with HNE-FQ, an increase in fluorescence intensity was detected in flow
cytometry, whilst control neutrophils (quiescent), or neutrophils pre-treated with the
elastase inhibitor sivelestat, showed reduced or negligible levels of fluorescence. The
increase in fluorescence upon activation was modest in neutrophils activated with
calcium ionophore A23187, whilst those activated by fMLF showed a significant increase.
These results suggest that HNE-FQ (11) can detect activation of neutrophils, and that the
fluorescence signal comes specifically from elastase detection, since inhibition of the
protease with Sivelestat significantly neutralises the signal (Figure 28a). Besides, no
fluorescence emission at the probe’s emission wavelength could be detected in activated

neutrophils that were not stained without probe (Figure 28b).
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Figure 28 Flow cytometry assays of primary human neutrophils stained with the HNE-FQ exposed to
different activators. a) Neutrophil activation was induced by exposure to calcium ionophore A23187 (10
uM), followed by incubation with HNE-FQ (11, 5 uM) in presence or absence of Sivelestat (100 uM) n=2.
Control neutrophils and neutrophils preincubated with sivelestat showed low levels of activation when
compared to those activated by A23187; b) Neutrophils were activated with fMLF (10 uM) and incubated
with HNE-FQ. Controls showed negligible fluorescence when compared to activated neutrophils. Detection

wavelengths: green channel (HNE-FQ) Aex 488 nm / Aem 530/30 nm. Data from G. Rinaldi.

To further evaluate the capacity of the probe for monitoring neutrophil activation by flow
cytometry the human promyelocytic the cell line HL-60 was used. This cell line is a valid
cell culture model to study neutrophil differentiation®?, activation and NETs generation.

To validate HNE-FQ (11), cells were stimulated with the vitamin A derivate all-trans-
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retinoic acid (ATRA, 2 uM) for 4 days to induce a neutrophil-like phenotype. A quantitative
nitro-blue tetrazolium (NBT) assay®?> was used to confirm differentiation into the

neutrophil phenotype (experimental section, Figure 102).

Next, HL-60 differentiated neutrophils were stained with an antibody directed against the
CD11b antigen, a well-known marker of neutrophil activation &2, and the probe HNE-FQ,in
the presence or absence of phorbol marismat acetate (PMA). °3 PMA is an activator of
protein kinase C (PKC), which, like fMIf, increases levels of intracellular Ca?* with
activation of neutrophils. Under PMA exposure, an increase in the fluorescence intensity
of neutrophils labeled with HNE-FQ was observed. In parallel, an increase in fluorescence
intensity of CD11b* HL-60-derived neutrophils when treated with PMA was observed. The
upper panels show the fluorescence profile of control and PMA-activated HL60 cells after
staining with HNE-FQ (11) (blue) and CD11b (green). As shown by the overlay of the
signals obtained in the presence of PMA, HNE-FQ probe was able to detect NETs

formation in the flow cytometry assay (Figure 29)
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Figure 29 Detection of activated neutrophils by flow cytometry. Fluorescence profile of control (blue peak)
or activated HL60 cells activated by PMA (100 nM, green peak). Upper panels, cells stained with the probe
(5 uM). Lower panels: Cells stained with allophycocyanin labelled anti-CD11b Ab. Detection wavelengths:
green channel (11, HNE-FQ) Aex: 488 nm / Aem: 530/30 nm. Red channel (Cd11b-Ab) Aex: 633 nm / Aem: 660/20
nm. Reproduced from reference 94 with permission from the Royal Society of Chemistry®. Data by G.

Garoffolo.?*

Green fluorogenic probes for detection of human neutrophil elastase -79-



° Imaging elastase in activated neutrophils and neutrophil extracellular traps

The capabilities of the probe to image elastase activity in cells by fluorescence microscopy
were evaluated in live cells. Primary human neutrophils were exposed to fMLF (10 uM)
for 30 min and stained with nuclear DNA stain Hoescht and probe HNE-FQ (5 uM). An
increase in fluorescence in the green channel was observed following activation with
fMLF, while untreated neutrophils showed negligible fluorescence emission by HNE-FQ

(Figure 30).

Figure 30 Fluorescence microscopy images of primary human neutrophils stained with Hoechst 33342
(100 nM, blue) and HNE-FQ (5 uM, green). Left: Control untreated neutrophils. Right: Neutrophils were
exposed to fMLF (10 uM) and HNE-FQ for 30 min, followed by incubation with Hoescht (10 nM) for 30 min
before acquiring the images. a) green channel (Aex: 447-494 nm / Aem: 500-554 nm) b) blue channel (Aex:
340-395 nm / Aem: 430-505 nm) ¢) merged. Data from G. Rinaldi. Imaged on an EVOS FL AUTO2 Cell Imaging

System

PMA is a potent NETotic inducer. °> In order to visualise NETs using HNE-FQ, primary
human neutrophils were activated with PMA for 3 hours. An increase in fluorescence
signal from HNE-FQ activation was observed in neutrophils activated with PMA, whilst

negligible levels of fluorescence were observed in control neutrophils. To further
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evaluate specificity of the probe, neutrophils were pretreated with the elastase inhibitor
Sivelestat. Pre-treatment with the inhibitor not only resulted in a reduced fluorescent
signal in the green channel (from inhibition of elastase), but also a reduction in NET
production, with no clear “NEtotic” structures observed (Figure 31). These results support
that HNE-FQ (11) is specifically activated by hNE (with inhibition of the protease

preventing probe activation) and that hNE is required for the production of NETs. >°

Control PMA PMA + Sivelestat

ey 3

Figure 31 Fluorescence confocal microscopy images of primary human neutrophils stained with Hoechst
33342 (100 nM, blue) and HNE-FQ (5 uM, green). Control: neutrophils incubated with probe only for 3 h;
PMA: PMA (10 nM) and probe for 3 h; PMA + Sivelestat: neutrophils preincubated with Sivelestat (100 uM)
for 30 min and then with PMA (10 nM) and probe for 3 h. Following incubation, the nuclei was stained with
Hoescht (100 nM, 30 min) before acquiring the images. Excitation and emission filters: green channel
(probe) Aex: 447-494 nm / Aem: 500-554 nm; blue channel (Hoechst) Aex: 340-395 nm / Aem: 430-505 nm. Data
from G. Rinaldi. Imaged on an EVOS FL AUTO2 Cell Imaging System.

The NETotic mechanism was further evaluated in HL-60 neutrophils. Neutrophils were
treated with PMA to induce NETosis. To verify whether the treatments induced NET
production, PMA treated cells were incubated with micrococcal nuclease, which disrupts

and releases the DNA of NETs into the supernatant. Extracellular DNA was quantified
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using a Sytox orange assay, Sytox Orange (a DNA intercalating red emitting fluorophore
that has high affinity for DNA but is membrane impermeable, so it can only penetrate cells
with compromised plasma membranes). An increase in extracellular DNA was detected in

cells that were treated with PMA (Figure 32f).
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Figure 32 Fluorescence microscopy images of HL-60 cells stained with DAPI (0.2 mM, blue), HNE-FQ
(5 uM, green) and SYTOX Orange (5 uM, red). Top row left: Control HL-60 neutrophils in the absence of
PMA. a) Blue/Green channels; b) Blue/Red channels. Bottom row left: HL-60 neutrophils stimulated with
PMA; c) Blue/Green channels; d) Blue/Red channels. Yellow arrows indicate cells expressing low hNE (likely
at the beginning of the NETosis process) while those encircled in green, red and yellow are cells at different
stages of NETosis; e) 3D image of a slice of a typical NET (stained as in the panels on the left). Arrows indicate
chromatin studded with HNE-FQ, indicative of chromatin release by activated cells. Excitation and emission
filters: green channel (probe) Aex: 488 nm / Aem: 503-530 nm; blue channel (DAPI) Aex: 405 nm / Aem: 430-
505 nm red channel (Sytox orange) Aex: 540 nm / Aem: 560-615 nm. f) Quantification of extracellular DNA
release by NETotic neutrophils by a SYTOX Orange assay (5 uM). * Indicates P < 0.05 by paired Student’s t-
test (n=3). Data by G. Garoffolo. Zeiss LSM710 confocal microscope. Reproduced from reference 94 with

permission from the Royal Society of Chemistry. ®*
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To visualise NETs using microscopy, cells were stained with the probe HNE-FQ (11) to
image elastase activity and with the nuclear DNA stain DAPI and extracellular DNA stain
SYTOX Orange and imaged by confocal microscopy. PMA treated cells exhibited four
different morphological stages of NETosis, based on nuclear morphology and hNE
distribution. Early stages of neutrophil activation exhibited a small and rounded nucleus
with hNE co-localized with condensed chromatin (stage 1; yellow circles) %°. At later
stages, chromatin decondensation led to spherical (stage 2; green circles) or more “cloud-
like spread” shapes (stage 3; red circles). In the final stage, neutrophils formed
extracellular chromatin filaments composed by cytoplasmic granules and hNE (stage 4;

Figure 32) ¥’.

Figure 33. hNE can be detected with HNE-FQ on NETs produced by primary human neutrophils.
Representative images of neutrophils activated with PMA (10 nM) and stained with HNE-FQ (5 uM) for 3 h.
Cells were fixed with PFA (2% in PBS), stained with SYTOX orange (1 uM) and Hoechst 33342 (100 nM) for
30 min. NETs images were acquired on a Leica SP8 confocal microscope. a) Red channel, SYTOX Orange; b)
Blue channel, Hoechst; c) Green channel, HNE-FQ; d) Merged. Arrows indicate chromatin studded with
HNE-FQ. Detection wavelengths: blue channel (Hoechst) Aex: 405 nm / Aem: 420-500 nm; green channel
(probe): Aex: 488 nm / Aem: 500-550 nm; red channel (Sytox Orange) Aex: 633 nm / Aem: 650-710 nm. Data
from G. Rinaldi. Imaged with SP8 confocal microscope. Reproduced from reference 94 with permission from

the Royal Society of Chemistry. %

Green fluorogenic probes for detection of human neutrophil elastase -83-



The capacity to detect elastase activity in NETs by probe HNE-FQ (11) was also evaluated
in a different cell model, using primary human neutrophils. Following co-incubation with
PMA and HNE-FQ, cells were fixed, washed and stained with SYTOX orange. Similar results
to those previously obtained were observed, where signal from Hoescht, Sytox Orange

and HNE-FQ colocalising along the NETs (Figure 33).

Next, NETs produced by primary human neutrophils were analyzed by flow cytometry.
NETotic structures were produced by exposure to PMA as previously described and
exposed to HNE-FQ. An increase in fluorescence signal of HNE-FQ was observed in PMA
induced NETotic neutrophils by flow cytometry (Figure 34a), whilst no increases in
fluorescence signal were observed in untreated neutrophils or neutrophils that were pre-
treated with NAD(P)H oxidase inhibitor diphenyleneiodonium (DPI) or protein kinase C
inhibitor Rho 31-820.

To confirm that the activation by PMA produced NETs, the presence of extracellular
histones was confirmed by antibody co-staining of Histones 1 and 2.°8 High levels of
double positive neutrophils (positive for both histone labels) were observed, indicating
presence of high levels of extracellular histones in the cells (Figure 34b). Next, NETs were
co-stained with a single Histone 1 labelling antibody and HNE-FQ and results showed high
levels of “double positive” cells in PMA induced NETotic neutrophils (Figure 34c). In both
experiments, non-NETotic (PMA untreated) neutrophils showed negligible levels of
fluorescence for the histone stains or the probe, and the levels of double positive cells
were significantly reduced in presence of inhibitors (DPI or Rho 31-820). The inhibitors
themselves, had no effect on the signal from either the histone antibody stains or the

probe.
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Figure 34 Flow cytometry assays of primary human neutrophils co-stained with probe 11 (green) or/and
histone 1 or/and histone 2 fluorescent antibodies. Neutrophil activation was induced by exposure to PMA
(10 nM), followed by incubation with HNE-FQ (11) and/or pre-incubated in presence or absence of inhibitors
DPI (10 uM) or Rho 31-8220 (1 uM). a) Fluorescence intensity from the HNE-FQ in presence or absence of
inhibitors; b) Percentage of cells with co-labelling of Histone 1 and Histone 2 antibodies; c) Percentage of
cells with co-labelling of Histone 1 antibody and HNE-FQ. Detection wavelengths: (green channel (HNE-FQ)
Aex: 488 nm / Aex: 530/30 nm, blue channel (H1A) Aex: 405 nm / Aex: 445/45 nm, red channel (H2A) Aex: 640

*

nm / Aem: 660/20 Data “** compared to control. #* compared to PMA treated neutrophils. from G. Rinaldi.
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To test HNE-FQ (11) in the context of NETosis in more a more complex model, HL-60
neutrophils were differentiated as previously described and exposed to serum from
COVID positive patients in the presence of the probe. An increase in elastase activity was
observed following exposure to the COVID+ serum, whilst the control (neutrophils
incubated with probe only), showed negligible levels of elastase activity. A control where
neutrophils were exposed to PMA was used as a control for NETotic neutrophils (Figure

35).
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Figure 35 . Confocal imaging of primary human neutrophils stained with DAPI (0.2 mM), Sytox Orange (1
pUM) and probe HNE-FQ (5 uM) a) Control, untreated neutrophils; neutrophils exposed to serum isolated
from COVID + patients for 120 min or b) 240 min d) NETotic neutrophils control, neutrophils exposed to
PMA (15 nM). The bar graph (right) shows the quantification of the Elastase positive cells. Excitation and
emission filters: green channel (probe) Aex: 488 nm / Aem: 503-530 nm; blue channel (DAPI) Aex: 405 nm / Aem:
430-505 nm red channel (Sytox orange) Aex: 540 nm / Aem: 560-615 nm. Data by G. Garoffolo. Zeiss LSM710

confocal microscope

Interleukin 8 (IL-8) is a cytokine produced by macrophages that is involved in the
recruitment of neutrophils to the site of damage or infection; in a process called

chemotaxis and it also mediates activation of these cells once recruited.

Ladaraxin is an inhibitor of the IL-8 receptor that is currently in phase 3 clinical trials

(NCT04628481) for treatment of Diabetes Mellitus type 1°°, to reduce infiltration of
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neutrophils into beta-pancreatic cells. Neutrophilia and infiltration of neutrophils into the
lung is a hallmark of COVID-19 infection, and IL-8 plasma levels are elevated in COVID +
patients with mild and severe symptoms, serving as a biomarker for the prediction of
disease severity and survival of COVID-19. 1% Thus, Ladaraxin could serve as a treatment
for severe cases of COVID-19 infection by reducing neutrophil recruitment and activation.
To evaluate the capacity of Ladaraxin to inhibit neutrophil activation, neutrophils were
treated with IL8 or IL8 + Ladarixin and stained with probe HNE-FQ (11) and imaged by
fluorescence microscopy. An increase in activated neutrophils, with elastase granules
displayed on the membrane were observed upon exposure to IL-8, while inhibition of the
release of elastase was achieved when neutrophils were pretreated with Ladarixin (Figure

36).
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Figure 36. Confocal imaging of human neutrophils stained with DAPI (0.2 mM) and probe HNE-FQ (5 uM).
a) Untreated neutrophils; b) neutrophils exposed to IL-8 c) neutrophils pretreated Ladaraxin (160 uM) were
exposed to IL-8 (100 ng/ml). The bar graph (right) shows the quantification of the Elastase positive cells
and the inhibition by Ladarixin®. d) zoomed region of b.* indicate P < 0.01 in comparisons using, for each
incubation time, one-way ANOVA with Dunnet post-hoc. Excitation and emission filters: green channel
(probe) Aex: 488 nm / Aem: 503-530 nm; blue channel (DAPI) Aex: 405 nm / Aem: 430-505 nm red channel (Sytox
orange) Aex: 540 nm / Aem: 560-615 nm. Data by G. Garoffolo. Zeiss LSM710 confocal microscope
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IL-8 can trigger production of NETs in neutrophils. 1° To evaluate the capacity of IL-8 to
induce production of NETs, neutrophils were exposed to IL-8 or PMA (positive control)
and NETs were stained with extracellular DNA stain Sytox Orange and elastase was
labelled with HNE-FQ (11). Upon IL-8 exposure, increased levels of elastase containing
granules were observed in neutrophils and inhibition of neutrophil activation with
Ladaraxin resulted in reduced levels elastase production as previously observed. The
positive control, where NETs were produced by exposure to PMA, showed well defined
NETs with elastase co-localised throughout the DNA skeleton. These results confirm the
previous results that IL-8 can induce neutrophil activation and results in increased levels
of elastase, and that this activation, can be inhibited by treatment with Ladaraxin.
However, no clear NETotic structures could be observed following IL-8 exposure (Figure
37), where the elastase appeared contained in granules and low levels of extracellular

DNA were detected, indicating absence of NETotic structures.
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Figure 37. Confocal imaging of primary human neutrophils exposed to IL-8 or IL-8 + Ladaraxin for 2 h.
Neutrophils were stained with DAPI (0.2 mM), Sytox Orange (1 uM) and probe HNE-FQ (5 uM). a) Control,
untreated neutrophils b) neutrophils exposed to IL-8 (100 ng/ml) pretreated with Ladaraxin (160 uM) c)
neutrophils exposed to IL-8 d) NETotic neutrophil control, neutrophils exposed to PMA (15 nM) without II-
8 or Ladaraxin. The bar graph (right) shows the quantification of the Elastase positive cells and the inhibition
by Ladarixin. * Indicate P < 0.01 in comparisons using, for each incubation time, one-way ANOVA with
Dunnet post-hoc. Excitation and emission filters: green channel (probe) Aex: 488 nm / Aem: 503-530 nm; blue
channel (DAPI) Aex: 405 nm / Aem: 430-505 nm red channel (Sytox orange) Aex: 540 nm / Aem: 560-615 nm.

Data by G. Garoffolo. Zeiss LSM710 confocal microscope.
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° Fluorescence lifetime experiments

Fluorescence lifetime is the time a fluorophore spends in the excited state before
returning to the ground state by emitting a photon. The lifetime of fluorophores (1) can
range from picoseconds to hundreds of nanoseconds. For fluorescein, the reported
lifetime is 4-5 ns. 192 FRET can reduce the fluorescence lifetime of the donor fluorophore
through energy transfer to the dark quencher and therefore, a significant change in
lifetime upon activation of the probe was expected. Thus, the changes in fluorescence
lifetime of the probe upon activation was evaluated. The “super-silent” character of the
probe in its inactive form resulted in a short fluorescence lifetime of 1.3 ns, whilst, in its

activated form, the fluorescence lifetime measured was 5.0 ns (Figure 38).
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Figure 38 a) Fluorescence lifetime of the probe (at 5 uM) before and after incubation with hNE for 1 h
(100 nM), n = 2. Fluorescence lifetime is calculated by measuring the time it takes the intensity to decrease
to 1/e from the moment the pulse of light is emitted (to = 80 s). The intensity was normalized (RFU/RFUmax)
to allow comparison between cleaved and uncleaved probe. b) Corresponding increase in fluorescence

upon exposure to hNE (100 nM), n = 2. Data obtained with Caitlin Tay.

The change in lifetime was also monitored over 45 min, with measurement taken
manually every few min following exposure of the probe to the enzyme. A clear increasing
trend in lifetime was observed with time, with the most significant changes observed
during the first 5 min of exposure to elastase, and although fluorescence intensity kept

increasing, changes in lifetime values were less pronounced.
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Figure 39 Normalized intensity (RFU/RFUmax) at different timepoints upon hNE exposure. Fluorescence
lifetime of the probe (5 uM) was monitored over time upon exposure to hNE for 1 h (100 nM) in reaction
buffer. Fluorescence lifetime increased rapidly over the first min, reaching a maximum fluorescence lifetime
of 4.8 ns at 6 min, remaining constant on subsequent timepoints. Fluorescence lifetime is calculated by

measuring the time it takes the intensity to decrease to 1/e from the moment the pulse of light is emitted

(to=80s). Data obtained with Caitlin Tay.

Green fluorogenic probes for detection of human neutrophil elastase -90-



3.3 Conclusions

Human neutrophil elastase (hNE) is a serine protease implicated in the pathogenesis of
acute and chronic inflammatory diseases and is secreted by inflammatory neutrophils to
destroy pathogens. Activated neutrophils are pivotal actors in many diseases. Herein |
reported on an optimised fluorogenic probe for detection of hNE in activated neutrophils

and Neutrophil Extracellular Traps (NETSs).

The probe was optimized from previous tribranched probes for elastase detection that
used self-quenching and FRET substrates for elastase detection but that suffered from
high background fluorescence or low specificity, respectively, and that proved

unsuccessful for labelling elastase activity in NETSs.

The probe is a tri-branched activatable fluorescent hNE compound that allows the rapid,
specific and sensitive detection of hNE in activated neutrophils and NETs. The green
emitting probe is based on a multivalent scaffold combined with three copies of a FRET-
labelled peptide using Fluorescein and Methyl-Red as fluorophore and quencher,
respectively. The synthesis of the optimized probe is carried out with a combination of
solution and solid phase chemistries. The synthesis starts with the construction of a
tribranched scaffold with three terminal amino groups that was inmobilised into a solid

support to then build the peptide sequences using standard Fmoc SPPS.

The multivalent scaffold approach enables “self-quenching”, making the probe super-
silent under physiological conditions and offering excellent signal amplification upon
substrate cleavage (>20-fold). The probe was found to be specifically cleaved by HNE, with
no cleavage by related proteases. Activated human neutrophils and NETs were
successfully labelled with the probe under inflammation-induced conditions, allowing
visualisation of different stages of NETosis and activation could be monitored by flow

cytometry.
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The behaviour of HNE-FQ (11) was compared to the previous probes NAP (1) and NES (2)
to prove that HNE-FQ provides a significantly higher amplification capacity compared to
previously designed probes, with HNE-FQ providing a 22-fold increase in signal within one

h of incubation, while that increase was only about 6-fold for NES and 3.7-fold for NAP.

Elastase activity was detected with the probe in neutrophils activated by fMLF. The
fluorescence signal from the probe could be detected by flow cytometry and by
fluorescence microscopy in live cells. The probe successfully labelled elastase in NETs
produced in vitro by exposing neutrophils to PMA, a stablished NETotic inducer. Inhibition
of the protease resulted in a significant decrease in signal and was correlated to a reduced
level production of NETs, suggesting that elastase plays a key role in NET production.
Different stages of NETosis could be differentiated in HL-60 neutrophils incubated with
PMA and the colocalization of elastase with extracellular DNA confirmed the presence of

well-defined NETs after 3 h exposure to PMA.

To highlight the potential of HNE-FQ as a diagnostic tool to detect NETosis and activated
neutrophils in more relevant and complex models, the probe was used to detect the
production of NETs by HL-60 neutrophils exposed to serum from COVID + patients, and to
assess the efficiency of Ladaraxin to inhibit NETotic events as a potential treatment for

COVID patients.

Finally, the potential as a fluorescence lifetime imaging tool was assessed by monitoring
the lifetime changes of the probe upon activation that demonstrated a clear change in

fluorescence in lifetime, of approximately 5-fold, upon incubation with elastase.
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Chapter 4 Moving into the NIR
4.1 Introduction

The applicability of fluorescence imaging in vivo is compromised when using wavelengths
in the visible spectrum. 193194 Both resolution and contrast decrease with increasing tissue
depths due to factors such as photon scattering, photon absorption and high levels of

tissue autofluorescence from endogenous fluorophores.

Thus, as shown in Scheme 1, incident photons can be scattered, reflected back at the
surface of the tissue or in rare cases penetrate through it. The photon, once it penetrates
tissue, can undergo further light scattering, or can be absorbed by endogenous
chromophores or excite endogenous fluorophores leading to autofluorescence. All these
contribute to the limited excitation of the targeted fluorophore. 103
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Figure 40 a) Light scattering events on an incident light source on and in biological tissue. Light can be lost
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by reflection by the skin or scattered by biological components (grey arrows) or absorbed by endogenous
molecules (black shape) or excite endogenous fluorophores leading to autofluorescence (brown star and
arrow). These events dramatically affect the efficiency of excitation and fluorescent emission from the
desired fluorophore (red). Reproduced from reference 103 with permission from the Springer Nature®. b)
NIR fluorescence has reduced scattering (1/ A%) thus better tissue penetration and lower fluorescent
background compared to shorter wavelength fluorescence, allowing imaging at deeper locations.

Reproduced from reference 104 with permission from the Elsevier Inc®.
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4.1.1 Light attenuation coefficients of tissue

The attenuation coefficient (i) of a tissue is the sum of absorption coefficients (ua) and
scattering coefficients (us) of the components of that given tissue. A large coefficient

value represents high attenuation of light as it passes through a tissue. 1%

U= Ugt Us

Equation 1 Light attenuation coefficient

The attenuation or extinction coefficient in complex biological tissue is lowest in the
optical range from 650 nm to 900 nm, the so-called NIR region, where there is reduced
light scattering and minimal absorption by endogenous biomolecules making this region

ideal for in vivo imaging.

° Light scattering (us)

Photon scattering occurs because of the macroscopic and microscopic variations in
refractive index in biological tissue meaning photons follow diverted paths. 1 Tissues are
complex heterogeneous systems with many variations in structure and therefore many
scattering centres. Thus, photons that penetrate into the tissue will be subject to a
multitude of scattering events depending on the specific composition of a given tissue
and the refractive indices of its different components. Therefore, the scattering
properties of tissue govern how deep light can penetrate. High scattering of light by tissue
leads to attenuation of fluorescent signal, greatly limiting the depth imaging (or

therapeutic potential) of a given optical technique.

Light scattering in biological tissue is denoted by the scattering coefficient which is
defined as the probability of photon scattering in tissue per unit path length with
attenuation of light in tissue by scattering dominated by Rayleigh scattering (1/A%) (Figure
41).105
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Figure 41 Light scattering is inversely proportional to wavelength. Reproduced from reference 105 with

permission from Springer Science Business Media Singapore.

° Absorption from endogenous biomolecules absorption coefficient (L)

105

The number and type of chromophore in a material dictates its absorption coefficient (ua).

Naturally occurring chromophores in biological tissue include oxy- and deoxyhemoglobin,

and melanin as well as water and fat (although these do so mainly below or above the NIR

window 650-900nm (Figure 42)).1%7
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Figure 42 Endogenous biomolecules such as oxy- and deoxyhaemoglobin absorb light significantly at

wavelengths below 650 nm and water does above 900 nm. Reproduced from reference 107 with permission

from American Chemical Society ©.1%7
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4.1.2 Tissue autofluorescence

Tissue autofluorescence affects the signal to background ratios in the blue and green
regions of the wavelength spectrum (below 650 nm), where the emission of many
endogenous fluorophores such as protoporphyrin, aromatic amino acids or NAD(P) fall.
Autofluorescence at longer wavelengths is reduced, with fewer endogenous fluorophores

in this region (Figure 43b). 106
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Figure 43 Tissue autofluorescence. a) An example of autofluorescence from tissue. 1° Upper: white light
image or Lower: under a blue/green fluorescent filter (460-500 nm/505-560 nm). Reproduced from
reference 106 with permission from Elsevier Ltd.© b) Fluorescence emission spectrum of biologically
abundant biomolecules, excited at their appropriate Amax (PPIX stands for Protoporphyrin 1X). Reproduced

from reference 108 with permission from Springer ©.1%

The NIR region (650 - 900 nm) is therefore an ideal spectral window for biomedical
imaging since it shows reduced light scattering, minimum absorption and negligible
autofluorescence, offering higher signal-to-background ratios with increases in signal
transduction (due to reduced scattering and absorption) and reduced background

(decreased autofluorescence).
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4.1.3 Fluorescence imaging in vivo, why NIR light

For many decades, fluorescence imaging has been used as a method to visualise biological
processes at a molecular level, and it is a useful tool for monitoring abnormal biological
processes in different disease states. Fluorescein is a green emitting fluorophore that has
been used since the 1960s by opticians to assess eye health, allowing to observe corneal
injuries or abnormal tear production as well as for diagnosis of ophthalmic pathologies
such as blepharitis. 1% Another widely used fluorophore, is Indocyanine green (ICG) with
emission in the NIR, that was approved by the FDA more than half a century ago. It has
been used since as a cost-effective imaging modality for analysis of blood flow,
assessment of cancer tissue such as oral squamous cell carcinoma**? and for endoscopic
marking of colorectal tumours. 1! Methylene blue, is a fluorophore and photodynamic
agent that was FDA approved in 2016 for injection for i.v. as ProvayBlue® , for use in
patients with acquired methemoglobinemia (blood disorder in which an abnormal
amount of methemoglobin is produced), and it has been used for the visualization of
anatomical features such as ureters!'? or for imaging of fibrous tumours in the pancreas
112 and breast cancer. 13 Another FDA approved “contrast agent” is the precursor to
protoporphyrin IX, 5-aminolevulinic acid (5 ALA), a keto amino acid that is metabolised
via the heme-synthesis pathway to produce protoporphyrin IX. 5-ALA has been approved
in Europe, Canada, and Japan for use in fluorescence guided surgery of glioblastomal!#

and 5-ALA has been applied for intraoperative imaging of cancers and premalignant

lesions. 11°
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Figure 44 Examples of non-targeted NIR fluorophores used in the clinic.

4.1.4 NIR fluorescent probes

Attaching fluorophores to targeting agents enables the expansion of fluorescence imaging
in clinical settings improving their sensitivity and specificity of detection. Some targeted
NIR fluorescent probes are currently being used for optical-guided-surgery, examples
include the FDA approved Cytalux (OTL38) that targets the folate receptor alpha and has
been used for imaging of gastric adenocarcinoma?® or the tyrosine kinase MET receptor

117 or thyroid cancer. '8 Some antibody fluorophore

targeting probe for colon cancer
conjugates with NIR emission have also entered clinical studies in the last decade, for
example for VEGF-targeted fluorescent detection of lesions in breast cancer
(NCT0150857) or head and neck cancer using an ICG variant labelled cetuximab

(NCT01987375).
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In the area of protease detection, targeted probes have also been developed with
emission in the NIR. 1° Examples include the activity based probe for cathepsin detection
VGT-309, that was used to guide surgical removal of a tumour in a mouse model*?° (Figure
45) while another cathepsin-activated imaging probe LUMO015 has entered clinical studies

for breast cancer intraoperative detection (see page 10, compound 1). 12!

a b White Light Fluorescence

Cathepsins

Figure 45 a) Structure of VGT-309 probe. b) Imaging of a tumour in a mouse using the cathepsin detection
probe VGT-309. White light (left) and fluorescent (right) images of the surgical field before (upper) and after
(lower) tumor removal using the Novadaq Spy Elite imaging system. Reproduced from reference 120 with

permission from Springer ©.12°

In the area of neutrophil elastase detection, one example of targeted activatable NIR
probes includes a non peptidic pentafluoropropanoic acid caged hemicyanine recognised
by hNE. 122 Activity based probes emitting in the NIR have been developed for human and
murine elastase'?® 124, both with “always on” and fluorogenic character, as well as
substrate-based probes such as NE680, that uses a specific substrate of murine elastase,
labelled with multiple copies of the so-called VivoTag-S680 dye and is based on self-
quenching (Figure 46). Most of the available probes for detection of human neutrophil
elastase, however, have limited specificity, with many of them cross-reacting with the
closely related proteases Cathepsin G or Proteinase 3, or have high levels of background

fluorescence. %
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Figure 46 Imaging and quantification of NE680 activation in vivo; a) generic structure of the probe; b) CD-1
mice were challenged with LPS and fMLP. Mice received an intranasal instillation of 200 nM LPS in PBS, PBS
only of 200 nM LPS and 4 nmol NE680. A subset of mice was also treated with the NE inhibitor sivelestat
15 min prior to fMLP and NE680 addition and the mice were imaged 5 h later by FMT 2500. Representative
volume rendering projections taken at the same color gating as left: control, middle: LPS/fMLP and right:
LPS/fMLP mice which had been treated with sivelestat. Reproduced from reference 65 with permission

from Sylvie Kossodo et al.©

4.2 Synthesis of NIR fluorogenic probes for detection of neutrophil elastase

4.2.1 Synthesis of a sulfonated cyanine 5 fluorophore.

Over the past few decades, there has been extensive work in the development of NIR-I
fluorophores with cyanine fluorophores remaining the most popular due to their
favourable safety profiles, tunable fluorescence characteristics, good solubility (when

sulfonated), and their synthetic and commercial availability. 1%°

Cyanine dyes consist of two heterocyclic “head groups” that are connected by an odd (n)
number of methine groups (Figure 47). Cyanine dyes are named depending on the
number of carbon atoms in the polymethine chain withn =0, 1, 3, 5 or 7, the mono-, tri-
(cyanine 3), penta (cyanine 5), or heptamethine (cyanine 7) cyanine’s respectively and
their emission properties can be tuned to cover a broad region of the electromagnetic
spectrum (500-900 nm) by extending the polymethine chain with the addition of vinylene
groups or aromatic rings. The addition of functional groups such as carboxylic acids within

the structure allows conjugation to biomolecules.
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Figure 47 Generic resonance structure of cyanine dyes through delocalisation of electrons along the

conjugated system.

126 was chosen

The sulfonated NIR cyanine sulfoCy5 (12), previously reported in our group
as the NIR fluorophore here, due to its high water solubility (from the sulfonate and
pyridine groups) and the carboxylic acid handle that allows conjugation to a peptide via
an amide bond. The compound was synthesised by reacting 1,2,3,3-tetramethyl-3H-
indolium 5-sulfonate with 2-(3-hydroxycarbonyl-6-pyridyl)malondialdehyde in the
presence of sodium acetate at 120 °C in a mixture of acetic anhydride/acetic acid (1:1) as
solvent under microwave irradiation (Figure 49). The product could be precipitated and
washed thoroughly with diethyl ether without the need of reverse phase
chromatography. The carboxylic acid was activated in situ using the activating agent
dipyrrolidino (N-succinimidyloxy)carbenium hexafluorophosphate (HSPyU) in the
presence of base (DIPEA) for coupling to amino groups. This fluorophore is efficiently

excited (@ = 0.22'?7) at 640 nm and had a maximum fluorescence emission at 660 nm

(Figure 48).

1.0 1

0.8 1
—— emission
- - -excitation
0.6 1

0.4 1

0.2 4 e

Emission or Excitation (RFU/RFU,)

0.0

450 500 550 600 650 700 750

Wavelength (nm)
Figure 48 Excitation and emission of the sulfonated cyanine 5 (12). The excitation spectrum (dashed line)
shows the excitation maxima at 640 nm (Aem 660 nm). The emission spectrum (red solid line) shows the

maximum emission wavelength at 660 nm (Aex 630 nm).
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Figure 49 Synthesis of sulfonated Cyanine 5 (12). 3 1,2,3,3-tetramethyl-3H-indolium 5-sulfonate was
reacted with 2-(3-hydroxycarbonyl-6-pyridyl)malondialdehyde (2:1) and heated in a microwave for 30 min
at 120° C to give the corresponding hemicyanine (12) that can be activated in situ to the corresponding NHS

ester using HSPyU.

4.2.2 Synthesis of the quencher QSY21-NHS.

Quenching of fluorescence by dark quenchers has been used extensively in the
development of fluorogenic probes. 2 The most commonly used quenchers are azo-
based compounds such as Dabcyl or Methyl Red, used in combination with fluorophores

such as fluorescein, Rhodamine, EDANS, or Cyanine 3 to give highly efficient FRET pairs.

129

Quenchers that absorb fluorescence in the NIR region of the spectrum are, however, less
well known and typically require a more complex synthesis. Two main classes are used,
(i) azo-based quenchers!30-132 with an extended conjugation (includes a series of red

shifted dark quenchers (so-called Black Hole Quenchers (BHQ)) and (ii) QSY quenchers,

Moving into the NIR -102 -



based on a rhodamine scaffold bearing anilines on the aromatic rings at positions 3,6-
positions of the xanthene moiety. These show no fluorescence emission, irrespective of

solvent polarity and pH (Figure 50).%2°

QSsY-21 BHQ-3

: N
Amax: 660 nm Amax: 672 nm
@)
OH

Figure 50 NIR dark quenchers based on rhodamine (QSY21) and azo-based compounds (BHQ-3).

QSY-21 was chosen as the dark quencher here for the synthesis of the NIR probe based
on its absorption spectrum to absorb and its ability to quench the fluorescence emitted
by the sulfoCy5 fluorophore (Figure 52). The quencher was synthesised using a previously
reported procedure (Figure 51)!33 starting from commercially available sulfonfluorescein
(14), with the phenolic groups substituted in the presence of sulfonyl chloride and a
catalytic amount of DMF under reflux to give the corresponding sulfonfluorescein bis-
chloride (15). This formed a precipitate that was isolated by filtration. Nucleophilic
aromatic substitution on 15 in the presence of 2,3-dihydroindole under reflux gave the
sulfonate (16) that was isolated by liquid-liquid extraction and taken forward without
further purification. Next, the cyclic sulfonate was converted into a sulfonyl chloride using
phosphoryl chloride and reacted with ethyl isonipecotate to give the sulfonamide (17),
purification by flash chromatography and hydrolysis of the ethyl ester with NaOH gave
the carboxylic acid (18) in high yield. Activation of the carboxylic acid with TSTU gave the

isolable NHS ester (19) that was used for direct attachment on the peptide.
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Figure 51 Synthesis of the NHS ester of the xanthene-based dark quencher QSY21 (19) starting from

sulfonfluorescein (14) in 5 steps with an overall yield of 15%.
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Figure 52 a) Absorption spectrum of QSY21 (18); b) Spectral overlap between the emission (red line) of the

fluorophore sulfoCy5 (12) and absorption of quencher QSY21 (black dotted line).
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4.2.3 Stability of the dyes under SPPS conditions

The stability of both QSY21-COOH (18) and sulfoCy5 (12) under commonly used Fmoc and
Dde deprotecting conditions was evaluated. For this, dyes were dissolved in solutions of
20% piperidine, 2% DBU, 2% hydrazine or imidazole-HCI/NH,OH/NMP and their stability
monitored by analytical HPLC and LC-MS after 1 h of incubation. Appearance of secondary
absorption or mass (m/z) peaks in the chromatogram or spectrum were monitored.
Analysis of HPLC traces was done at 650 nm, at lower wavelengths (242 nm, 350 nm and
495 nm) the spectra showed absence of or similar traces to those at 650 nm. MS analysis
was done in the range of 100 to 1000 m/z using a LC-MS system and the mass list obtained

at the retention time of the corresponding peaks in the Vis window.

QSY21-COOH (18) was stable under all tested conditions, and although treatment with
2% hydrazine led to a loss of colour, this was reversible upon addition of a mixture of
ACN/H,0 (50/50) with 0.1% FA. Under all evaluated conditions, the HPLC chromatogram
remained unchanged with no side-peaks appearing and the corresponding m/z of [M]*
detected by LC-MS. A clear change of colour was observed for every evaluated condition
in the case of sulfoCy5 (12), from dark blue to dark orange/yellow. The colour change was
reversible in all cases except when sulfoCy5 was exposed to 2% hydrazine. Here HPLC
chromatograms of 12 in presence of 20% piperidine and 2% hydrazine showed the
appearance of a second peak. The corresponding m/z of [M]* was still detected by in all

cases by LC-MS, but new masses were also detected.

These results suggest that Fmoc and Dde protecting groups in QSY21 containing peptides
can be cleaved using the whole range of tested conditions. In sulfoCy5 containing
peptides, deprotection of Fmoc with 20% piperidine and 2% hydrazine should be avoided,
Fmoc cleavage can be achieved using 2% DBU while Dde protecting groups can be

removed using mild conditions (imidazole-HClI/NH2,OH/NMP).
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4.2.4 Synthesis on solid phase of the linear NIR FRET peptide HNE-1F1Q

The first NIR FRET labelled peptide HNE-1F1Q (21) was synthesised using the
sulfoCy5/QSY21 pair on opposite sides of the hNE cleavable peptide sequence used in the

“green” versions of the probe (Figure 53).56- 134

RF .\)_).).)-/\ (/ . Fluorophore (sulfoCy5) \1
§ b 2 :

640 nm

AU
hNE @ooeeee  Cleavable peptide

(EENIeIRR)
FRET 1
\/' ' ' Quencher
' (QsY21)

Figure 53 FRET linear NIR probe HNE-1F1Q. Cleavage by hNE stops the FRET quenching between the

sulfonated Cy5 fluorophore and the QSY21 quencher and results in a switch-on of fluorescence.

For dual labelling of the peptides on solid support, orthogonal protection of reactive
groups was required. Here, the Dde protecting group was used for €-amino group
protection on the C-terminal lysine to allow late incorporation of the dyes onto the
peptide with orthogonal labelling on the a-amino terminus (hence the stability of the dyes

under Dde and Fmoc deprotecting conditions was crucial).

The FRET peptide was synthesised by standard Fmoc/tBu solid phase synthesis using a
Dde protected lysine 9 (Fmoc-Lys(Dde)-OH). 8> Following all amino acid couplings, the Dde
protected peptide was selectively deprotected on the resin using mild conditions
(imidazole/NH2,0H/NMP) 8> and the activated NHS ester of QSY21 (19) was coupled at that
position, followed by deprotection of the remaining Fmoc group using 20% piperidine and
coupling the activated ester of the sulfoCy5 fluorophore on the N-terminus as the final
resin-based. Deprotection of acid labile sidechain protecting groups and cleavage from
the resin were achieved under acidic conditions (TFA/H,0/TIS (95/2.5/2.5)) and the

peptide subsequently purified by semipreparative reverse phase HPLC.
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Figure 54 a) Synthesis of HNE-1F1Q (21) using standard Fmoc solid-phase approach on a Rink amide linker

with orthogonal Dde deprotection. Coupling of the sulfoCy5 ester was the final resin-based step before

resin cleavage and removal or remaining protecting groups and linker cleavage. b) FT-MS analysis of

compound HNE-1F1Q. Calculated m/z for Ci2oH153N2202553** [M+H]"® Expected: 799.67716 Found:

799.67774.
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Partial deprotection of the Fmoc group was observed on the stored Fmoc/Dde protected
peptide scaffold (20.3) and a different order of couplings was required. In this scenario
and based on the results previously obtained on the stability of the dyes, the pre-activated
sulfoCy5 ester (13) was coupled first on the N-terminus of the peptide, following full Dde
deprotection, again under mild conditions (imidazole-HCI/NH,OH/NMP).

) In vitro evaluation

Surprisingly (in view of the number of charges in the molecule), the NIR linear FRET probe
(21) showed poor water solubility and slow activation kinetics, even at low concentrations

and when DMSO as co-solvent.
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Figure 55 HNE-1F1Q (21) characterisation. a) Absorption spectrum of HNE-1F1Q (38 uM); b) Time course
of activation of HNE-1F1Q (38 uM) by hNE (100 nM), n=3; c¢) Emission spectrum of the probe (38 uM) in the
presence or absence of hNE (100 nM), n=3; d) Michaelis—Menten plot was generated from calculated initial
velocities over the first 15 minutes of reaction at increasing concentrations of HNE-1F1Q in the presence of
a constant concentration of hNE (100 nM). The kinetic values displayed in d were calculated by analysing
the Michaelis-Menten saturation curve, LinewaverBurk and Eadie-Hofstee plots. Ctr: Control, no hNE, n =

3.
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When the probe (38 uM) was exposed to hNE (100 nM), cleavage took >2 h for full
activation and generated limited signal amplification (5-fold). The slow activation was
potentially caused by the bulky quencher affecting enzyme access to the cleavage site and
the poor solubility of the construct (indeed precipitation was observed in aqueous buffer,

even at low concentrations).

Absorption and fluorescence emission were consistent with the expected spectrums for
sulfonated Cy5 and Km, and keat/Km were calculated from the Michaelis Menten saturation

curves, Eadie-Hofstee and LinewaverBurk plots (Figure 55 and experimental section).

4.2.5 Novel strategy for the synthesis of an NIR tribranched probes for human

elastase analysis

The strategy initially used for the synthesis of the probe NES (2, see page 63) was
attempted to build a tribranched NIR FRET probe equivalent, bearing three copies of the
NIR FRET peptide (21). However, incorporation the QSY21 quencher at such a hindered
position of the tribranched Fmoc/Dde protected scaffold proved unsuccessful (Figure 56).
Therefore, based on the initial results from the linear probe (21) and the complexity of

the solid phase synthesis, a new synthetic approach was proposed.
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Figure 56 Attempted strategy for the synthesis of tribranched NIR compounds on solid phase as previously

described for the “green” probes (chapter 2). Triple incorporation of the QSY21 proved impossible.

This approach targeted a more convergent copper catalysed click chemistry (CuAAc)
synthesis for a NIR tribranched probe. The CuAAc was first discovered two decades ago
by Meldal and Sharpless. 13> 136 Copper catalysed azide-alkyne cycloaddition transforms
organic azides and terminal alkynes exclusively into the corresponding 1,4-disubstituted
1,2,3-triazoles (Figure 57). In contrast, the uncatalyzed reaction, requires much higher

temperatures and provides mixtures of 1,4- and 1,5-triazole regioisomers. 13’
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Figure 57 Mechanistic details of the CuAAC as currently proposed.

Addition of external ligands such as THPTA or TBTA (Figure 58) can be used to accelerate

the reaction by forming a complex with copper(l) allowing better control of the active

species within the reaction media and preventing the formation of ROS species

preventing Cu(l) from oxidation. These ligands can also act as a base to promote the initial

copper(l)-acetylide formation, thus accelerating the CUAAC. Furthermore, these ligands

can enhance the solubility of copper(l) in the desired media.

Polydentate copper ligands

HO

\ THPTA TBTA /
N %
Accelerating Facilitates
reaction rate Stabilizing Cul' Solubilising Cul'  copper-acetilyde
formation

Figure 58 Examples of polydentate copper ligands and their benefits in the CuAAC.
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The proposed strategy to build the NIR tribranched probes using CuAAC required two
main building blocks: An azide functionalised peptide (three copies) and a tribranched

scaffold containing three terminal alkyne groups (Figure 59).

sulfoCy5— Peptidel
N

/
\ N\\]\

N
° o)
H
sulfoCy5—{peptide |  * \ NH-R ~——> /ﬁ/\o N-R
o) CuAAc

N
sulfoCy5 =N 0

/ 7 N !

sulfoCy5

Figure 59 Synthetic strategy for the convergent synthesis of the tribranched NIR probes. sulfoCy5

(fluorophore); R = H or quencher.

In the new design, the quencher (R) is distal to the cleavage site to improve cleavage
kinetics. This compound thus incorporated a single QSY21 quencher (18) on a tribranched

scaffold with three copies of the sulfonated-Cy5-peptide (22).

The azide building block hNE peptide substrate (22, Figure 60) was used, bearing the same
cleavable sequence previously used in other probes, capped with sulfoCy5 at the amino-
terminus and functionalised with an azide lysine derivative at its C-terminus. The peptide
was synthesised using standard Fmoc SPPS, without the need for orthogonal
deprotection, improving the overall yield and simplifying the subsequent purification. The
azide group survived the TFA/TIS deprotection conditions without problems. In contrast
to the linear FRET peptide (21), the sulfoCy5 labelled hNE peptide (22) was freely water

soluble.
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Figure 60 Structure of sulfo-Cy5 azide peptide (22). The peptide was labelled with a sulfo-Cy5 at the N-

terminus and an azide group was incorporated at the C terminus. The Ile*Nle cleavage site is high-lighted.

The alkyne building block was prepared from tris-hydroxymethyl-aminomethane,
following a previously reported procedure®®® (Figure 61) to obtain the corresponding Boc
protected propargylated scaffold (23). This was purified by column chromatography and
deprotected with 20% TFA to give the corresponding free amino propargylated scaffold
(24). Direct modification of the free amino group in 24 with the NHS ester (19) did not
work (presumably too sterically hindered). Instead, the quencher was conjugated via a
bis-ethylene glycol spacer (25). The spacer both helps the incorporation of the bulky

guencher and improves water solubility.

The bis-polyethylene glycol spacer was attached using a highly reactive acyl fluoride (25,
Boc-amino-EG;-COF) to help overcome the poor reactivity of the hindered amino group
in 24. Once the bis-ethylene glycol was attached, deprotection of the Boc group under
acidic conditions allowed subsequent facile incorporation of the QSY21 NHS ester (19) to

give the quencher containing alkyne (27, see Figure 61).
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Figure 61 Tribranched scaffold synthesis. The quencher containing alkyne 27 was synthesised from tris-

hydroxymethyl aminomethane in 6 steps, with an overall yield of 20%.

The Boc protected bis-ethylene glycol acyl fluoride (25) was prepared using a mixture of
cyanuric fluoride and pyridine in DCM (Figure 62).13° Acyl fluoride formation was
monitored by generating the corresponding methyl ester in situ by dissolving a small
amount of crude from the reaction mixture in anhydrous MeOH and the mass change was

monitored by LC-MS. The product was used immediately after preparation.
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Figure 62 Acyl fluoride synthesis. bis-ethylene glycol acyl fluoride 25 was generated by reacting the

corresponding carboxylic acid in the presence of cyanuric fluoride (2 eq) and pyridine (2 eq) in DCM.
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° A self-quenching triple-labelled NIR probe HNE-3F0Q
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Figure 63 Self-quenching NIR probe. Activation by hNE liberates the fluorophores and stops the linear

quenching resulting in a switch-on of fluorescence.

The feasibility of the click strategy was tested in a simple model. The NIR tribranched
compound (28) was assembled that contained three of the sulfoCy5 capped hNE specific
peptide 22 utilising the tris alkyne (24). This compound served not only as a model
reaction, but also, as a “self-quenching” control, where the “linear” quenching effect on

the three dyes could be assessed, in the absence of any quencher (Figure 63).

sulfoCy5—{ Peptide]—\

sulfoCy5—[Peptide | \
CuAAc

squoCy5 [Peptide }

22 v 28
// “\Nf

sulfoCy5

Figure 64 Synthetic strategy for assembly of self-quenching probe HNE-3F0Q (28).

Bioconjugation using CUAAC becomes more challenging in cases involving biomolecules

such as peptides, proteins or polynucleotides due to the low concentrations at which
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these biomolecules are often manipulated which presents significant challenges. 140-143

The bioconjugation becomes even more complex when attempting “dendrimeric” or

multibranched click reactions, where several groups in the same molecule need to react.

138
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Figure 65 Synthetic conditions evaluated to generate HNE-3F0Q (28, red peak). Monitoring was done by
RP-HPLC at 650 nm eluting with a gradient of ACN/H20 0.1% FA over 6 min and based on changes in the
sulfoCy5-peptide (22) peak (grey, the excess of peptide 22, 1 equivalent, will remain after 100% conversion

of the alkyne). ¥*CuSO4 /THPTA/aminoguadinide/NaAsc in t-BuOH/H-0.

Based on previous optimised methods for bioconjugation of peptides and dendrimers,
different conditions were tested to synthesise the self-quenching probe HNE-3F0Q using
four equivalents of the sulfoCy5 labelled peptide (22) per alkyne (24). Conditions tested
included CuSOs /NaAsc in presence of the ligand THPTA and aminoguanidine in
tBuOH/H20*4, Cul only, or Cul in presence of base with DMF as solvent. When the CuSO4
/NaAsc conditions were used!3® 144 conversion into the product was poor whilst high
conversion was observed in the presence in conditions using copper iodide, 138 with minor
traces of the mono- and bibranched intermediates (Figure 65). Since the addition of base
did not result in an improvement in reaction rate or yield, the condition using Cul in DMF

was selected for the synthesis of HNE-3F0Q (Figure 66).
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Figure 66 Self-quenching NIR probe HNE-3F0Q (28) containing three copies of the highly specific hNE

sequence labelled with sulfoCy5 on their amino terminus.

The non-quencher containing probe relies solely on the linear self-quenching effect
between the three dyes and therefore the amplification of signal would be expected to
be limited. The fluorogenic capacity of HNE-3F0Q (28, 12 uM) was evaluated in vitro, and
a 2-fold amplification upon exposure to elastase (100 nM), was observed (Figure 67). This
limited amplification is consistent with the results observed previously in previous self-
guenching probes such as the green probe NAP (1). Absorption and fluorescence emission
were consistent with the expected spectra for sulfoCy5 and kinetic parameters Ky and
keat/Km were calculated from the Michaelis Menten saturation curves, LinewaverBurk and

Eadie-Hofstee plots (Figure 67 and experimental section).
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Figure 67 HNE-3F0Q (28) characterisation. a) Absorption spectrum of HNE-3F0Q (12 uM) shows a maximum
absorption at 640 nm; b) Activation of HNE-3FOQ (12 uM) happens within seconds in presence of hNE (100
nM) but the background fluorescence of the uncleaved probe is high, only achieving an approximately 2-
fold increase in signal; c) Fluorescence emission of HNE-3F0Q, (28) in the presence and absence of hNE (100
nM) (maximum emission at 657 nm); d) Michaelis—Menten saturation curve for activation of increasing
concentrations of HNE-3F0Q in the presence of hNE (10 nM). Kinetic values were calculated by analysing

the Michaelis-Menten saturation curve, LinewaverBurk and Eadie-Hofstee plots. Ctr: Control, no hNE.

4.2.6 A triple-labelled one-quencher containing FRET NIR probe

To improve the signal-to-noise ratio of the probe, incorporation of a single quencher was
targeted to obtain the “three-fluorophore-one-quencher” tribranched probe HNE-3F1Q
(29). In this design, the quencher molecule enhances the overall silencing effect via FRET
and the solubility of the overall compound would be less affected compared to the NIR

linear FRET peptide (21).
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Figure 68 Super-silent NIR probe combines FRET quenching between the sulfoCy5 fluorophores and the
QSY21 quencher and self-quenching of the three sulfoCy5 fluorophores between themselves in the

tribranched structure.

The probe was constructed from alkyne (27), by reacting with the azide peptide (22) to
obtain HNE-3F1Q (1:4, alkyne:azide). Initial attempts, using the CuAAC conditions
previously used for the synthesis of the self-quenching probe (28), showed poor

conversion, and this had to be optimised.
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Figure 69 Probe HNE-3F1Q (29) that incorporates one quencher and three dyes, with the quencher located

distally from the cleavage site.
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° Optimisation of the cycloaddition conditions

Conditions for the CUAAC were optimised using a different peptide model (Figure 70) due
to the limited availability of the NIR building blocks. Alkyne (24) was used as the
tribranched scaffold, and a bulky azide peptide, bearing a FRET label (30) (previously

synthesised) were reacted using different reaction conditions.

Q

FAM—{ Peptide\

O
w \ )
FAM—{Peptide | * \ >NH2 CurAe > Q /\v/\o NH,
O u N
5 FAM N o

N

N
FAM

Figure 70 CuAAC optimisation conditions with a model peptide (30) and the tris alkyne (24). FAM =

fluorophore; Q = quencher.

The reaction conditions evaluated (Table 3 and Figure 71) included the previously tested
CuSO4/NaAsc conditions as well as copper iodide, in the presence or absence of the
copper ligand (THPTA). When the reaction was run in the presence of
CuSO4/NaAsc/THPTA/aminoguadine, similar results to those previously obtained were
observed, with mono- and bibranched probes appearance and minimal conversion into
the tri-branched product. The use of Cul in DMF gave good conversion into the desired
product (as previously observed in the synthesis of probe HNE-3F0Q) with minimal
amounts of mono- or bibranched products observed. The addition of the ligand THPTA in
the presence of Cul helped solubilising the Cul (otherwise insoluble in DMF). The ligand
was added in 5-fold excess with respect to Cul and the combination was premixed prior
to addition to the reaction. When the THPTA ligand was used, the reaction rate was
accelerated, with full conversion achieved within 1 h of reaction while addition of DIPEA
in this case was detrimental. Based on the results obtained, the conditions using

Cul/THPTA in DMF were used for the synthesis of HNE-3F1Q (29).
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Table 3 Conditions for the CuAAc evaluated. Temperature: 40 °C, atm: N2. Conversion percentages were
calculated based on integration from analytical HPLC traces (495 nm) of the crude. *Based on conversion

of % of the area of peptide-azide original peak.

[Alkyne/azide] Solvent Cu source Additive Time Conversion*

THPTA (10 mM)

t-BUOH/H20 Cuso
Alkyne HOH/H2 P Naasc (80 mM) 24h  <10%
1:2 2mM
(0.5mM) (1:2) (2 mM) Aminoguanidine (80 mM)
Aside . 24h  100%
> MM Cul
(2mMm) Anh DMF DIPEA (4 mM) 24h  <10%
(1 mM)
THPTA (5 mM) 1h  100%
7.0 Peptide (30)
6.5 -
6.0 - .
5.5
3 5.0 -\__.___—-L—"M_—'\ CUSO4*
= 45/
>
] probe (31)
: 4.0 Cul
é 3.5 1
O 3.0
o5 ] - Cul/DIPEA
2.0 1
1.5 - Cul/THPTA
1.0 . T . T ; T . T . 1
8 10 12 14 16 18 20
Time (min)

Figure 71 Representative HPLC traces of the different conditions for CUAAC. The reaction was monitored by
RP-HPLC eluting with ACN/H20 0.1% FA over 20 min and detection at 495 nm. Top trace: pure starting
peptide (30). Other traces show conditions screened. Grey peak corresponds to starting FRET peptide (30)
and the orange peak corresponds to the tri-branched product (31). All conditions show the trace after 24 h
except for Cul/THPTA, that shows the trace after 1 h. (the excess of peptide 30, 1 equivalent, will remain

after 100% conversion of the alkyne). * CuSO4/THPTA/NaAsc/Aminoguanidine.
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° Synthesis of probe HNE-3F1Q (29)

Using the optimised conditions, HNE-3F1Q, containing a single quencher and three
fluorophores was successfully synthesised (Figure 72). Disappearance of the alkyne (27)
peak was rapid, within the first hour of reaction (fast disappearance is to be expected
since each molecule contains three reactive sites and will form the monobranched
construct quickly). However, consumption of the sulfoCy5 peptide (22) was slower, with
maximal consumption achieved after 24 h. The crude product from the reaction was

purified using RP HPLC to give probe HNE-3F1Q (29) as a blue lyophilised powder.

55 ] sulfoCy5 peptide
5.0 - 22)

4.5
4.0 - alkyne (27)
3.5
3.0
25 N
2.0-
1.5 - Reaction 24 h

I HNE-3F1Q (29) Reaction 1h

A

Offset Y values

1.0
0.5+
0.0

4 6 8 10 12 14 16 18 20
Time (min)

Figure 72 Reaction monitoring for the synthesis of HNE-3F1Q (29, red peak). Monitored by RP HPLC
(650 nm). Four equivalents of sulfoCy5 labelled peptide (22, grey peak) were reacted with 1 equivalent of
the alkyne (27, blue peak) in the presence of Cul/THPTA. The progress was monitored by the changes in the
sulfoCy5 peptide peak (grey peak), which is consumed over time (the excess, 1 equivalent, will remain after
100% conversion of the alkyne). As the peptide is consumed, the appearance of a new peak corresponding

to the HNE3F1Q product (black box) is observed.
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Excess copper remaining following synthesis can be problematic since copper ions are
toxic to cells. 1*> Here, the excess copper in the final probe was removed using a thiol
functionalised resin. 146 147 The scavenger resin was synthesised in house and copper
removal monitored by ICP-MS. For the resin, mercaptobenzoic azid (4-MBA) was coupled
using DIC/Oxyma onto an aminomethyl polysterene resin with couplings monitored by a

ninhydrin test.

SH

NH2 i) 4-MBADIC, Oxyma o7 “NH

O) DMF, 40°C, 2 h
»

ii) 20% piperidine

32

Figure 73 Synthesis of the thiol-resin. The scavenger resin contains a thiol group that can bind to copper.

Thus, for resin treatment, after HPLC purification, resin 32 was added to the pure
combined fractions (in ACN/H,0) and the solution shaken for 30 min. The beads were
filtered off and the resulting elutant, lyophilised to give the product. Samples for ICP-MS
were prepared by dissolving the lyophilised product in deionised water containing a small
amount of nitric acid to help solubility. Results showed efficient removal of copper by
resin treatment, with a Cu concentration of 236 pug/l in the lyophilised sample that was
not treated with the scavenging resin, whilst in the sample that was treated with resin 32,

the Cu concentration was reduced to 0.04 pg/I (a 5900 fold reduction)
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) In vitro evaluation

A rapid increase in fluorescence signal from HNE-3F1Q (29) was observed within seconds
when hNE was added (100 nM), with up to 15-fold signal amplification (at 12 uM of
probe), and the fluorescence background of the uncleaved form was negligible (Figure
74b). These results suggest that a single QSY21 quencher can efficiently quench the three
fluorophores within the compound. The excitation and emission spectrum of the probe
showed that the maximum excitation wavelength (Aex) was observed at 640 nm and
maximum emission (Aem) at 657 nm, consistent with the optical properties of the
incorporated sulfoCy5 (Figure 74a) (akin to the linear and self-quenching probes).
Activation of the probe was fully inhibited in the presence of the elastase inhibitor

Sivelestat (100 uM) (Figure 74c).
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Figure 74 Activation in presence of hNE and probe’s specificity. a) Absorption profile of HNE-3F1Q (29, 12
K1M) n=2; b) Activation of probe (12 uM) is fully prevented in the presence of the elastase inhibitor Sivelestat
(100 uM) n=3; c) Fluorescence emission of HNE-3F1Q (29) in the presence and absence of the protease n =
3; d) Fluorescent signal under irradiation by a 590/15 nm lamp of stocks of activated and non-activated

probe (10 uM).

Moving into the NIR -124 -



The specific hydrolytic cleavage between lle’MNle was confirmed following HNE-3F1Q
(12 uM) incubation with hNE (100 nM) and analysis of the reaction mixture by MALDI-TOF
MS confirmed the appearance of peaks with the expected masses (Figure 75). No other
cleavage sites were identified, indicating a sequence specific cleavage by elastase of this
probe. The non-prime (N-terminal fragment), sulfoCy5 containing fragment was clearly
detected as well as the fully cleaved prime fragment (C-terminal fragment) containing the
QSY21 fragment (Figure 75). In the spectrum. A small MS peak corresponding to the
partially cleaved probe, with an intact single branch and two cleaved peptides was also
detected, but no intact probe or the two branched probe were seen. These results suggest
an efficient cleavage of the probe by the protease and confirm specific cleavage between

the expected residues (lle T Nle).
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Figure 75 MALDI-TOF MS analysis of the reaction mixture confirmed the presence of the fully cleaved C-terminal prime fragment of HNE-3F1Q (m/z 3273.2) and the non-

prime fragment (m/z 1181.6) and the probe with one remaining branch intact (m/z 4457.2) were also found in the spectra.
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The previous green emitting probes NAP (1) and HNE-FQ, (11) showed high specificity
for hNE, using a similar peptide sequence, thus specificity for the protease was expected
for HNE-3F1Q (29) and this was confirmed by incubation in presence of the relevant

proteases Proteinase 3 and Cathepsin G, which resulted in negligible cleavage.

The stability of the fluorescence of HNE-3F1Q is important for in vivo applications, where
biological environments have increased complexity when compared to in vitro set-ups.
Therefore, the fluorescence stability of the probe was tested in a variety of
environments (Figure 76). The probe’s fluorescence was (as expected) pH independent
and incubation of the probe in 10% fetal bovine serum, Hela cell lysate or complete cell

media showed no effect on the fluorescence signal (on the unactivated or activated

probe).
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Figure 76 a) Probe HNE-3F1Q (12 uM) is only cleaved by hNE (100 nM), with negligible cleavage by closely
related proteases Cathepsin G (100 nM) and Proteinase 3 (100 nM); b) Stability of probe (concentration
on well 10 uM) in different complex biological environments. The fluorescence of the cleaved and
uncleaved probe was monitored in either 10% FBS, complete cell media or a Hela cell lysate for 2 hours
at 37°Cin a final volume of 50 pL. Results demonstrate no activation of the uncleaved probe in absence
of the protease in the different environments, with fluorescence intensities unaltered over time. PR3:

Proteinase 3, CG: Cathepsin G, Ctr: Control.
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Kinetic parameters were obtained for HNE-3F1Q as previously described, with the initial

velocities plotted using Michaelis Menten, Lineweaver Burk or Eadie Hofstee graphs to

obtain the corresponding kinetic parameters (Figure 77) of Kn (that ranged between 2

and 7 uM), ket (that ranged between 0.2 and 0.3 s!) and catalytic efficiency (kcat/Km)

that was 3.5 x 104 M1s1,
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Figure 77 a) Activation at increasing concentrations of probe HNE-3F1Q (0.8 uM to 20 uM) in presence of

a constant concentration of protease hNE (100 nM) allows calculation of initial velocities based on the

linear increase in fluorescence intensity over the first 5 minutes of incubation. b) Michaelis Menten curve

generated from the initial velocities calculated in the range of 0.8 to 20 uM. Linearisation of the data

allows generation of c) Lineweaver Burk plot (1/V vs 1/[P]) or d) Eadie Hofstee plot (V vs V/[P]). All

datapoints are n=3.
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° Neutrophil imaging

To evaluate if HNE-3F1Q was able to detect hNE in neutrophils, primary human
neutrophils were activated by exposure to fMLF or PMA. An increase in fluorescence
from the probe was observed in activated neutrophils when compared to untreated
controls. A clear difference between formyl-MLF and PMA activation was observed. The
formyl-MLF activated neutrophils had intact nuclei while PMA activated cells formed
“cloud-like” structures, with the DNA signal diffusing into the extracellular environment
and co-localised with the NIR signal of 10, indicating co-localisation of DNA and hNE in

these neutrophil extracellular traps (NETs).

Hoescht HNE-3F1Q Brightfield Merged

Figure 78. Fluorescence microscopy images of neutrophils activated with fMLF or PMA after incubation
with HNE-3F1Q (5 uM) for 3 hours, followed by nuclear staining with Hoechst 33342 (10 nM). Detection
wavelengths: blue channel (Hoechst) Aex: 405 nm / Aem: 420-500 nm; red channel (probe) Aex: 633 nm /
Aem: 650-710 nm.
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° Comparative studies of NIR probes

Activation profiles of all three probes were compared side-to-side. For the comparison,
the fold increase in fluorescence signal at each timepoint of the time-dependent
activation profiles were calculated by dividing the fluorescence signal by the background
fluorescence of the intact probe (concentrations were approximately 12 uM for the
tribranched probes and 35 uM for HNE-1F1Q). The best results in terms of signal
amplification were obtained with the tribranched probe HNE-3F1Q (29), that showed a
10-fold increase in signal whilst the linear NIR FRET peptide and the self-quenching
probes showed limited amplification (6- and a 2-fold, respectively). The activation profile
also showed rapid activation for HNE-3F1Q, like the self-quenching probe HNE-3F0Q,
that also had a rapid increase in signal with NIR fluorescence emission, as opposed to

the linear FRET peptide, which was very slowly activated (Figure 79).
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Figure 79 Comparison of activation profiles of self-quenching probe HNE-3F0Q (28, 12 uM), the super
silent probe HNE-3F1Q (29, 12 uM) and linear FRET peptide HNE-1F1Q (21, 35 uM) in the presence of hNE
(100 nM); a) Probes activation in the presence of hNE (100 nM). Fluorescence intensity signals for each of
the probes were normalised by dividing by the background fluorescence (uncleaved probe); b) Fold

increase in fluorescence signal of the probes following 30 or 60 min incubation with hNE (100 nM).

Kinetic parameters comparison shows that HNE-1F1Q (21), with a slow activation profile
has high Km values and low keat, resulting in a low catalytic efficiency (kcat/Km, 2 x 103 M-

1s1). The fastest activation was observed in the self-quenching probe HNE-3F0Q (28),
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having a low Km and high turnover number and resulting in the highest catalytic
efficiency (kecat/Km, 1.5 x 10°> Ms?) of all three probes. The longer activation time
required by HNE-3F1Q (29) resulted in a lower catalytic efficiency compared to the self-
quenching probe (1.5 x 10* M'1s?), but higher than the linear FRET substrate. The
comparison on both the activation profile and kinetic parameters for all three probes is

summarised in Table 4.

Table 4 Comparison of HNE-1F1Q (21), and probes HNE-3F0Q (28) self-quenching, HNE-3F1Q (29), three
fluorophores and one quencher). Table summarises the relevant kinetic values of all three probes. *at

12 uM (probes 28 or 29) or 35 uM (probe 21) and 100 nM of hNE.

Quenching Activation Foldmax Keat Keat/Km
Probe Structure 1 11
type time* (RFU/RFUo) (s) (M-is1)
HNE-1F1Q Linear FRET 2h 6 0.03-0.07 2 x 103
HNE-3F0Q  Tribranch Self-quenching 5 min 2 0.5-0.7 1.5 x 10°
FRET
HNE-3F1Q Tribranch and 15 min 10 0.2-0.3 3.5x 10

self-quenching

Taken together, comparative results demonstrate that HNE-3F1Q (29) is an
excellent probe for NIR fluorescence detection of elastase in vitro, providing the
greatest signal amplification of all three probes synthesised. The fluorescence
background was negligible when the probe was inactive, a problem that the self-
quenching probe HNE-3F0Q (28) suffers from. The activation of the probe was
rapid and the catalytic efficiency was within an appropriate range for in vitro
applications. Work is undergoing for biological validation of the probe in

neutrophils.
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4.3 Conclusions

A series of FRET NIR probes for the detection of hNE have been synthesised with
emission in the NIR region of the spectrum, where within biological samples the
endogenous biomolecules present reduced light scattering coefficients, decreased

absorbance, and minimal autofluorescence.

The highly water-soluble sulfonated Cyanine 5 was chosen as the fluorophore for NIR
emission, with emission maximum at 660 nm. QSY21 was selected as the appropriate
quencher, with full spectral overlap, capable of absorbing the light emitted by the
fluorophore by FRET quenching when close in space. The first design consisted of a
linear FRET substrate that resulted to be a poor substrate for elastase, with poor
water solubility and very slow cleavage kinetics, which could be due to the
presence of the bulky and poorly soluble quencher near the cleavage site. Based
on these results, a new approach was developed, whereby a tribranched NIR

probe was synthesised.

Previously reported synthetic methods used for the synthesis of the green
emitting tribranched probes for elastase proved unsuccessful and a novel
synthetic approach was proposed, using a more convergent assembly method
utilising copper catalysed azide-alkyne cycloaddition (CuAAc). In the new design,
three copies of a sulfoCy5 N-terminal labelled elastase substrates, bearing an
azide at the C-terminus, were clicked by CuAAc with a tribranched scaffold
bearing three terminal alkyne groups. The scaffold also incorporated a single copy
of the quencher. This strategy allows for the quencher to be placed far from the

cleavage site and that proved to be key for efficient probe activation.

A self-quenching control, without any added quencher molecule was synthesised

to evaluate the self-quenching effect of the fluorophores on the tribranch
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scaffold. Indeed, self-quenching of the probe allowed for a 2-fold increase in

signal upon a rapid activation, but the background fluorescence remained high.

The final design, incorporating a single quencher, presented an excellent
optimised probe, with much improved signal amplification when compared to the
linear FRET substrate and the self-quenching probe. Activation of the probe was
significantly faster than the linear version, consistent with that of the control
where no quencher was present. | hypothesise that the presence of the quencher
in close proximity to the cleavage site hindered access of elastase and relocation
of the quencher lead to a significant improvement in signal amplification and

activation velocity.
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Chapter 5 A Fluorogenic Probe for the detection

of Cathepsin D

5.1 Introduction

Monocytes are a group of cells found in the bone marrow, spleen and circulating blood.
These pluripotent immune cells leave the bone marrow and remain in circulation for up
to 1-2 days and, during this time, they can be recruited into tissues and differentiate
into macrophages to replenish counts of tissue-specific resident macrophages or to face
an inflammatory challenge. If they have not been recruited into a tissue facing a danger
within 1-2 days, they die and are cleared by other phagocytes. Once in tissue,
depending on the stimuli received, macrophages can then be polarised to two
phenotypes that have different functions, they can contribute to homeostatic functions,

or help in the inflammatory response during an infection (Figure 80).14®

Classically activated or M1 macrophages, or so-called “fighting” macrophages, are
essential for fighting infection (via pathogen phagocytosis) and for the maintenance of
tissue homeostasis. They produce nitric oxide (NO) and other reactive oxygen species to
help destroy invading bacteria and viruses. During the initial stages of bacterial infection,
M1 macrophages are responsible for fighting bacterial infection and are largely
responsible for bacterial clearance, together with neutrophils.?*® Clearance of bacteria
by macrophages involves internalization of the microorganisms into the phagosomes,
which are then delivered to endo-lysosomes, the resulting phagosome (phagolysosome)
is now acidic, by the contribution of the highly acidic environment of the fused lysosome,
leading to activation of proteases with capacity for enzymatic degradation of the

bacteria.
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M2 macrophages, or “fixing” macrophages, are anti-inflammatory and produce either
polyamines to induce cell proliferation, or proline to induce collagen production. These
macrophages are believed to be associated with wound healing and tissue repair. M2
macrophages are responsible for functions such as clearing neutrophils during
inflammatory processes. 1*° They can stimulate the proliferation, differentiation, and
activation of fibroblasts, epithelial cells, endothelial cells, and stem and progenitor cells

that facilitate tissue repair. 1°% 152

R Tissue repair
Resolution of inflammation

PAMPs or
cytokines

Monocyte — —  Pro-inflammatory
Microbicial

M1

Figure 80 Monocytes are differentiated into macrophages. Depending on the stimuli, the macrophages
can be differentiated into M1 (involved in the pro-inflammatory response) or M2 (responsible for the
resolution of inflammation and tissue repair) macrophages. PAMPS: pathogen-associated molecular

patterns.

5.1.1 Immune escape by bacteria in macrophages

Certain bacterial strains are known to have developed mechanisms to escape standard
bacterial killing strategies by macrophages. Mycobacterium tuberculosis has been
shown to have a variety of mechanisms for immune escape, including inhibition of
macrophage phagocytosis, prevention of lysosome maturation, avert phagolysosome
acidification and can also resist oxidative stress. >3 Another example is Staphylococcus

aureus (S. aureus) that can use a macrophage as a reservoir and replicate within it
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following adaptation to the phagosome and preventing it from fusing to the lysosome.
There, bacteria can survive and replicate, and, eventually, bacterial replication will lead
to the loss of the integrity of the cell membrane (potentially by expression of pore-
forming toxins) and bacteria gets into the cytosol leading to macrophage whole cell lysis
(Figure 81).%%* Following cell lysis, a burst of live S. aureus can be observed outside the
cell that contributes to fast dissemination of the pathogen. Interestingly, macrophages

appear healthy until the plasma membrane integrity is compromised. 1>°
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Figure 81 Macrophage killing mechanism and S. aureus evasion. Macrophages engulf bacteria in the
phagosome that fuses with the lysosome to mature into the phagolysosome, a highly acidic compartment
where degradation of pathogens by proteolytic enzymes and reactive oxygen species happens. S. aureus
can evade killing by adapting to the phagosomal environment and preventing fusion with the lysosome.
Bacteria replicates in the phagosome until they burst the compartments leading to cell lysis. Figure

adapted from reference 154 Copyright © 2021 Pidwill, Gibson, Cole, Renshaw and Foster. 154

5.1.2 Alveolar macrophages and S. pneumoniae

Alveolar macrophages are believed to originate from either the replication of resident
macrophages or through the migration of bone marrow and peripheral blood

monocytes in circulation. Alveolar macrophages are very long-lived cells that may live
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for prolonged periods in the steady state and then can be differentiated into M1 or M2
macrophages, into which phenotype they polarise is dictated by the environment. Under
physiological conditions, alveolar macrophages are believed to be predominantly M2,
they produce low levels of inflammatory cytokines, maintain high phagocytic activity
(sampling the environment and removing cell debris), and generally suppress
inflammation and adaptive immunity. Upon a bacterial challenge, alveolar macrophages
can be differentiated into M1 or fighting macrophages and play crucial role in innate
immunity against bacteria and are key orchestrators of the inflammatory response. They
can recruit neutrophils, induce apoptosis in target cells and down-regulate the pro-
inflammatory cytokines by communicating with M2 macrophages to resolve
inflammation. However, there is still limited understanding of how these macrophages

kill bacteria. 1°®

Community-acquired pneumonia, commonly caused by Streptococcus pneumoniae (S.
pneumoniae), is a leading cause of global mortality’>” and presents challenges in the
efficacy of treatments. S. pneumoniae express several proteins that help to cope with
oxidative stress in the phagosome. For example, S. pneumoniae expresses a specific nox
protein (SpNOX) that is an enzyme that transforms molecular oxygen into hydrogen
peroxide (H20). Simultaneously, S. pneumoniae can also express proteins that help
resist the presence of H,0; such as heat shock-stimulated serine proteases (caseinolytic
peptidase P and high temperature requirement protein). H,0. can inhibit the
production of the radical ROS produced in the phagolysosome by macrophages,
depleting intracellular iron (required by NAPH oxidase to produce ROS), oxidizing and
inactivating redox-sensitive proteins, and promoting an antioxidant response. Besides,
S. pneumoniae can evade the complement system recognition by releasing extracellular
toxin pneumolysin and expressing pneummococcal surface antigen A, although the

exact mechanism of this evasion is not yet clear. 1>2
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Figure 82 Apoptotic bacterial killing in macrophages. S. pneumoniae evades killing by oxidative stress
produced by macrophages. Overwhelmed by bacteria, the phagolysomal membrane is compromised and
starts leaking and the protease CatD gains access the cytosol that gets acidified. Cytosolic CatD triggers
proteosomal degradation of antiapoptic myeloid leukemia 1 protein (Mcl-1) by ubiquitin ligase E3.
Following Mcl-1 degradation, mitochondrial outer membrane permeabilization and cytochrome c (Cytc)
release leads to the caspase cascade activation and cell apoptosis. Figure adapted from reference 159

with permission from the British Society for Imnmunology ©.

The capacity of alveolar macrophages to clear bacteria is finite, and high abundancy of
bacteria can lead to a point where macrophages can no longer control the intracellular
levels of engulfed bacteria. The intracellular killing capacity of macrophages can then
become “exhausted”, with bacteria replicating at a higher rate than the macrophage can
kill. This, taken together with the range of survival strategies developed by the bacteria
to evade killing, means that additional mechanisms are required to effectively kill
phagocyted bacteria. A mechanism has been discovered whereby macrophages undergo
apoptosis to enhance bacterial killing (so-called apoptosis-associated-bacterial killing).
Induction of apoptosis-associated killing is believed to be a key component of the host’s
defence, which combines bacterial clearance with relatively modest inflammation and
represents an important component of host defence when initial phagolysosomal killing

is exhausted. 1*°
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The apoptosis-associated-bacterial killing mechanism has been extensively studied in S.
pneumoniae infection models. The pathway is understood to start with phagocytosis of
S. pneumoniae that is capable of withstanding oxidative steps by several mechanisms,
with survival of the bacteria and replication leading to exhaustion of the phagocytic
pathway. The phagolysosomal membrane is compromised and starts leaking, releasing
a variety of proteases into the cytosol, among those, Cathepsin D, an aspartic protease
involved in several regulatory processes in the cell. Cathepsin D can engage in a non-
proteolityc (or glueing) way with Mcl-1 to promote interaction with its corresponding
ligase Mule, leading to ubiquitination and proteosomal degradation of Mcl-1. Mcl-1 is
an antiapoptotic protein that blocks the progression of apoptosis by binding and
sequestering the pro-apoptotic proteins Bcl-2 homologous antagonist killer (Bak) and
Bcl-2-associated protein X (Bax). In the absence of Mcl-1, Bak and Bax are capable of
forming pores in the mitochondrial membrane, allowing the release of cytochrome ¢
into the cytoplasm, that forms a complex with Apaf-1 and caspase-9, called the

“apoptosome,”, which is a critical activator of the effector caspases. (Figure 82).

This mechanism has been proved to enhance killing of bacteria. *° The antimicrobial
effects of this mechanism and how apoptosis contributes to antimicrobial killing is yet
to be fully understood but it has been speculated that induction of apoptosis contributes
to limit bacterial spread by allowing containment of bacteria when the phagolysosomal
antimicrobial capacity is ‘exhausted’ and prevents bacterial persistence within
subcellular compartments. Apoptotic macrophages are then cleared by M2
macrophages to resolve inflammation, resulting in a reduction of inflammation by

reducing the neutrophil recruitment and pro-inflammatory cytokine release.

It is important to highlight that not all bacteria trigger this mechanism to enhance killing.
For example, S. aureus does not use this mechanism, potentially because containing
phagosomes fail to mature appropriately and the required CatD activation is not

achieved for Mcl-1 proteasomal degradation. 6!
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5.1.3 Cathepsin D

Cathepsin D (CatD) is a lysosomal aspartic protease,'®? which contains two aspartic acids
at its active site that allow protonation of the amide bond, deprotonation and attack by
water, leading to hydrolysis of the amide bond (Figure 83). This protease is ubiquitously

distributed in all tissues and organs, and it is involved in a variety of cellular functions,

163 164

including activation of other proteins, such as prolactin'*® and osteopontin'®* and
modulating their functions. CatD degrades cystatin C, which results in enhancement of
cysteine cathepsin activity'®®, and cleaves several chemokines.'®® Inactivation of
chemokines is believed to be an important mechanism to fight cancer. Cathepsin D can

also directly degrade pathogens in the lysosome.

Due to its highly destructive nature, CatD is tightly regulated, and is expressed as a
zymogen in the endoplasmic reticulum and transported to the lysosome, with an acidic
environment required for maturation into the active form. !¢ The protease
constitutively expressed in nearly all cells, constituting up to a 10% of the lysosome
protein content, with concentration of CatD in lysosomes as high as 0.7 mM. In

physiological conditions its activity is limited to the lysosome, due to its pH dependency.

168, 169

HN—R,
primary amine

HO

}—m

o)
carboxylic acid

Figure 83 Mechanism of CatD mediated proteolysis. Two aspartic acids in the active site mediate
the transfer of protons that promote the nucleophilic attack by a molecule of water leading to

ultimate cleavage of the amide bond.
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Deficiency of CatD has been associated with several pathologies, for example CatD
knock-out mice presented with intestinal atrophy and died of anorexia on week 3,
suggesting its regulatory role in cell growth and homeostasis. 17° CatD absence has also
been associated with neurodegenerative diseases in humans. 1’ Overactivation of CatD
has also been linked to breast cancer and has been increased tumour invasiveness!’ 173

and with a variety of chronic inflammatory diseases such as bowel disease. 174

Extensive work has focused on CatD specificity and its close similarity to other aspartic
acid proteases such as pepsin or renin that makes finding an optimal substrate for CatD
a challenge.’® Substrate screening assays have identified several substrates for CatD
cleavage rates, but the substrate preference and specificity of each subsite seems to be
related to the particular interactions with the peptide sequence, with different amino

acids accepted in each subsite. 176

Several studies have been carried out to better understand substrate specificity of CatD.
Mayer!’” used modified pepstatin inhibitors and modified several positions (P4, P3, P1,
P2’, and P3’, see page 1). Scarborough?’® used synthetic FRET substrates to study the
preference of the enzyme on its S2 and S3 pockets by modifying the P2 and P3 positions
of the substrate. Beyer'’”® and Arnold'®® studied the prime side subsite specificity by
modification in the P2’ and P3’ on synthetic substrates and assessing degradation of
natural substrates on positions P1-P4’, respectively. Pimenta performed a systematic
study using a library of modified substrates derived from kallistatin. ¢ Those results
were generally consistent with previous findings with hydrophobic residues preferred at
P1 and P1’, with Phe, Leu or Met combinations showing the best cleavages and P1’
having a greater influence in effective cleavage over P1. The P2 preferred Ala, Leu or
Glu, and this residue was, in fact, a key modification within the kallistatin library study
(modification of this residue lead to the best substrate). The P3 and P3’ sites also prefer
hydrophobic residues. Interestingly, the P2’ site showed different results in different
studies, with Beyer!’® reporting preference for large positively charged amino acids (Lys

or Arg) while Pimenta'’® showed preference of Ser; however, in both studies, various
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other residues were tolerated at this position (for instance Asp and Ala mutants showed
similar kinetic parameters), a finding that was reported by other authors. 89 The S2
pocket is a hydrophobic pocket, but it is hypothesised that long chain charged residues

can “stick out” of the pocket and be exposed to solvent.

° Optical probes for the detection of Cathepsin D

Current CatD detection methods mostly rely on the use of labelled antibodies!®! or
chromogenic substrates, 18 which are limited to in vitro use. '8 Only a limited number
of optical probes have been reported for CatD. Examples include a dual MRI contrast
probe!® additionally decorated with a pH sensitive Oregon Green fluorophore and a
BODIPY-labelled suicide inhibitor based on Pepstatin A, which has been used to
distinguish active CatD from its inactive form in macrophages. 8> However, inhibitor-
based probes have no signal amplification due to irreversible enzyme inhibition and so
suffer from low signal-to-noise ratios (the fluorescence is also “always on”). In addition,
Pepstatin A is a generic aspartic acid protease inhibitor, so selectivity is a problem. In
contrast, fluorogenic, substrate-based CatD probes would allow for better signal-to-
noise ratio and the amplification of the fluorescence signal with thousands of copies of
the probe activated by a single enzyme molecule. Early examples of FRET-based
fluorogenic substrates for CatD have been reported but in the blue region (350-495 nm)

limiting their use for in vitro applications. 1>% 175 186

5.2 Synthesis and validation of a pH insensitive, water soluble CatD FRET

probe

Herein, | report the optimisation of a substrate based fluorogenic probe, based on a
specific substrate for CatD, that provides an OFF>ON signal upon activation by the
protease with a good signal amplification. When choosing a substrate to build an optical

probe to be used in cells and potentially in vivo, cross-selectivities are important and it
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is important to design a specific substrate that is not cleaved by related proteases. One
of the most abundant and active proteases in the lysosome is Cathepsin B, which prefers
substrates bearing Phe-Arg or Arg-Arg sequences at their P2-P1 sites. Previously
reported substrates for CatD, reported highly efficient cleavable substrates bearing the
sequence Phe-Arg (P1’-P2’ for CatD), which would be cleaved by Cathepsin B. The
optimal substrate reported by Pimenta based on the natural substrate kallistatin was
chosen for its high catalytic efficiency high affinity for the protease [Ala-lle-Ala-
PheMPhe-Ser-Arg-GIn] (Km=0.27 uM, keat = 16.25 s71).187 Besides, this substrate inserts a
Ser residue in the P2’ that should help towards reducing Cathepsin B cross-activation.
The substrate was selected here as the peptide substrate and FRET labelled with a
BODIPY fluorophore at its N-terminus, while the GIn residue was replaced with a Lys
residue capped with a quencher group (Methyl Red). A carboxyl functionalised BODIPY
derivate, Aex/em 503/516 nm) was selected as an appropriate fluorophore since it has
stable and bright fluorescence 8 (® = 0.6) and is not pH sensitive (unlike

carboxyfluorescein®).

The first substrate-based probe CatD-P1 (33) was synthesised using a combination of
solid and solution-phase synthesis (Figure 84). The Methyl Red quencher was
incorporated by coupling Fmoc-Lys(MR)-OH (10, see page 68)'% firstly onto a Rink-
amide functionalised polystyrene resin (0.7 mmol/g, 100-200 mesh, 1% DVB), followed
by the substrate sequence (Ala-lle-Ala-PheI*Phe-Ser-Arg), using DIC and Oxyma as the
coupling combination (Fmoc/tBu strategy). A short PEG spacer was introduced between
the last amino acid and the BODIPY dye to increase hydrophilicity and promote aqueous

solubility.
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Figure 84 The design of the first fluorogenic, FRET-based CatD probe CatD-P1 (33). a) Synthesis and full

structure of CatD-P1 (33), which incorporates a BODIPY dye (highlighted green, Blex/em 503/516 nm) as

the fluorescence donor and a Methyl Red (highlighted red, Bmax 500 nm) as the quencher/acceptor, with

CatD cleaving the substrate sequence between the two phenylalanine residues (shown in green). b)

Characterisation of probe by FT-HRMS Calculated m/z for CssH114BF2N19014* [M+H]*: 1685.8783 Found:

1685.8763 and RP-HPLC-UV (495 nm) shows the retention time at 4.9 min (over a gradient of 6 min

ACN/H20 0.1% FA). Probe synthesised by MSc student Zhengqi.
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The BODIPY fluorophore was not stable to strong acids such as TFA %! which is
commonly used in the global peptide deprotection and cleavage off the resin. Thus, the
MR containing peptide was first cleaved off the resin using acidic conditions and after
that, the BODIPY NHS-ester'®?2 was coupled to the N-terminus in solution. The probe
CatD-P1 (33) was purified by semipreparative RP-HPLC and characterised by MALDI-TOF
and LC-MS.

The probe CatD-P1 (20 uM) was incubated with CatD to evaluate if it can act as a
substrate for the enzyme. No significant increase in fluorescence was observed when
CatD-P1 (33) was treated with CatD (50-300 nM) in pH 4 NaOAc buffer with 1-10%
DMSO (the addition of DMSO in the assay buffer was required due the low aqueous
solubility of CatD-P1. Indeed, precipitation was observed during the incubation in all
cases, with the poor water solubility limiting the concentration of the probe even with

high levels of DMSO in the reaction buffer.

5.2.1 Improving water solubility of the compound

PEGylation of drugs and other biologically relevant molecules is a widely used approach
to improve solubility and PEGylation has been reported to reduce immunogenicity,
prolong bioavailability, and reduce renal clearance. °> Two PEGylated versions of this
FRET probe were designed, with the first synthesised by coupling, on the solid-support,
whereby three consecutive Fmoc-(EG),-COOH moieties to the C-terminus of the

sequence to give probe CatD-P2 (Figure 85).

CatD-P2 (34), with a short PEG at the C-terminus (Figure 85), proved more water soluble
than CatD-P1 (33), but the addition of DMSO was still required for the enzymatic assays.
The maximum probe concentration in 1% DMSO/buffer was only 7-8 uM. An

approximately 30-fold increase in fluorescence was seen with CatD-P2 (20 uM) after
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incubation with CatD (50 nM) for 1 h, with a 3% DMSO required in the reaction buffer

to solubilise the probe.

The next probe was designed to have a 5 KDa PEG moiety introduced via an azide
functionalised side chain at the C-terminus. Thus, CatD-P3 was synthesised by coupling
Fmoc-Lys(N3)-OH onto the Rink-amide linker on a PS resin, which was followed by
coupling a short (EG), spacer and the FRET probe construct as described above.
Following the cleavage off the resin and BODIPY coupling, copper-catalysed azide—
alkyne cycloaddition 3> 194 gllowed incorporation of the 5 KDa PEG-alkyne unit (Figure
86a). For the subsequent click reaction, the azide peptide (35) was dissolved in
anhydrous DMF and the 5 KDa PEG-alkyne (1.1 eq) added followed by addition of a
mixture of Cul/THPTA and the reaction was stirred 24 h at 40° C under a N; atmosphere
to obtain the PEGylated probe CatD-P3 (36) (the reaction was monitored by RP HPLC-
UV). CatD-P3 was isolated by semipreparative RP-HPLC (Figure 86b). MS analysis of
CatD-P3 showed a Gaussian distribution of masses due to the nature of the 5 kDa PEG
unit (ranging from 6000 to 8000 m/z), but the average increase of m/z in approximately
2000 units (azide peptide 1984 mol/g) confirmed the formation of a triazole and the

success of the click reaction (Figure 86c).
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Figure 85 FRET-based CatD probe CatD-P2. a) The probe contains three bis-ethylene glycol units on its C-
terminus; b) CatD-P2 (20 uM) was exposed to the enzyme CatD (50 nM) and the increase of fluorescence
monitored over time, the probe in absence of enzyme was used as a control for the background
fluorescence. ¢) MALDI-TOF calculated m/z for Ci0sH147BF2N22023Na; MALDI-TOF expected: 2121.134;
found: 2121.728 and RP-HPLC-UV (495 nm) shows the retention time at 4.8 min (over a gradient of 6 min
ACN/H20 0.1% FA). Probe synthesised by MSc student Zhenggi.
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Figure 86 FRET-based CatD probe CatD-P3 a) Full structure includes a long PEG 5K tail on its C-terminus.
b) CUAAC reaction was monitored by RP-HPLC (495 nm) over 6 min using a gradient of ACN/H20 0.1% FA.
* Indicates for the trace of BODIPY-COOH dye from the prior conjugation of the peptide azide building
block. ¢) MALDI-TOF MS analysis of 5 KDa PEG-alkyne (black spectrum) and purified CatD-P3 probe (red

spectrum) average mass found (m/z) Mn: 7096.471.
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5.2.2 In vitro validation of probe CatD-P3

Probe CatD-P3 (36, 20 uM) with the 5 KDa PEG, was fully water soluble, and was rapidly
activated by CatD (50 nM) resulting in 26-fold increase fluorescence after 1 h (Figure
87a). The fluorescence signal of the intact or activated CatD-P3 was not affected by
different pH’s (pH 4-9.2, (Figure 87b), suggesting that the probe would allow detection

of Cat D in any cellular compartment.
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Figure 87 a) Activation profile of CatD-P3 (20 uM) in reaction buffer in presence or absence of CatD (50
nM), Ctr: no enzyme, n=3. b) The fluorescence of cleaved and uncleaved probe (20 uM) at different pH’s

(1.5 h incubation with the enzyme), n=3.

In order to compare the activation profile of CatD-P2 (34) and CatD-P3 (36), stocks of
both probes were prepared (60 uM of probe in 10 % DMSO in water or 100% ultrapure
water, respectively) and diluted in reaction buffer to a final concentration of 20 uM.
Probes were exposed to CatD (50 nM) and activation monitored over 1.5 h. Both
peptides showed comparable activation profiles, with CatD-P3 showing a slightly higher

background fluorescence (Figure 88).
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Figure 89 a) Absorption spectrum of probe CatD-P3 b) CatD (50 nM) mediated an increase in the

fluorescence intensity of CatD-P3 (5 uM) with and without the inhibitor Pepstatin A (20 uM), n = 3.

The absorption and fluorescence emission spectrum showed a maximum absorption
(Aabs) at 505 nm and fluorescence emission (Aem) at 515 nm (Figure 89a). Activation of
CatD-P3 (36) was efficiently inhibited in the presence of pepstatin A (20 uM) (Figure
89b). Kinetic profiling of the probe gave a Km of 6 x 10® M and a catalytic efficiency
(keat/Km) of 1.3 x 10> M's? (Figure 90c). The probe was also characterised by its
fluorescence lifetime. A moderate increase in fluorescence lifetime, of approximately 1

ns was observed upon probe activation (Figure 90b).
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Figure 90 a) Activation of the probe was monitored in reaction buffer and in pH 4 adjusted 10% fetal
bovine serum, fluorescence signal amplification was comparable in both conditions, with slightly higher
background fluorescence in the 10% FBS media. b) Specificity of probe CatD-P3 was evaluated in the
presence of other immune proteases, cleavage preference (signal was normalized to the maximum signal
in each buffer) *indicates where other proteases have relatively high cleavage. c) Michaelis-Menten plot.
d) The fluorescence lifetime of the probe was monitored before and after 1.5 h incubation with the

enzyme. All experiments n=3. Ctr: Control, no enzyme.

CatD-P3 (36) was efficiently activated by CatD in serum (10% FBS), showing a similar
activation profile as in reaction buffer, and the intact probe showed stability in serum
for at least 2 h (Figure 90a). CatD-P3 showed good specificity for CatD over other
proteases present in macrophages, Cathepsin G and B, and other inflammatory
proteases human Neutrophil Elastase and Proteinase 3. 1% Proteinase 3 is a very
promiscuous protease with a broad substrate specificity, however, the presence of
proteinase 3 should be specific to neutrophils and not present in macrophages. Similarly,

Cathepsin E cleaved partially the probe due to both proteases sharing very similar
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substrate specificity. Despite their similarity, there was a faster rate of cleavage of the

substrate by CatD (Figure 90b). 19197

Analysis of the of the enzymatic reaction by MALDI-TOF MS confirmed that the probe
was cleaved by CatD between the two phenylalanine residues (Figure 91). Specific
hydrolytic cleavage between Phe"Phe was confirmed following probe (10 puM)
incubation with Cat D (50 nM) for 90 min at 37°C following analysis of the reaction
mixture by MALDI-TOF MS confirming the appearance of mass peaks of the expected
fragments. The BODIPY fragment ion showed a variation of mass of -19, consistent with
the loss of a fluorine ion [M-F]* from the boronate salt (this ion was not observed when
the compound was analysed by LC-MS, suggesting this is a result of the ionisation
method, which is consistent with previously reported analysis of BODIPY by mass

spectrometry). 198
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Figure 91 MALDI-TOF MS analysis following exposure of the probe to the enzyme. The amino terminal
BODIPY containing fragment confirms the cleavage site happens between Phenylalanines: [M-F]*

Expected: 897.46 found: 897.27
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5.2.3 CatD detection in in primary human macrophages infected with S.

pneumoniae

Finally, CatD-P3 (36) was assessed for imaging CatD activity in macrophages. Human
Monocyte-derived Macrophages (MDM) obtained from peripheral blood were
incubated with S. pneumoniae at a multiplicity of infection of 10 (ratio of S pneumoniae
agents to number of macrophage cells) for 10 h to induce active CatD release from
phagolysosomes. >° Macrophages were first allowed to phagocytose bacteria for 4 h
initially, after which external bacteria were removed by washing, and the macrophages
were incubated with CatD-P3 (10 uM) for 6 h. Cells were subsequently fixed with 2%
paraformaldehyde. Confocal microscopy images of the macrophages showed activation
of the probe with clear fluorescence signal observed from S. pneumonia-challenged
macrophages compared to only a low background signal observed in the cytosol from

uninfected macrophages (Figure 92).

Non-infected

CatD-P3

10 hours S. pneumoniae

CatD-P3

Figure 92 Confocal fluorescence microscopy images of macrophages with and without S. pneumoniae
versus challenge incubated with the fluorogenic CatD probe (10 uM, 6 h, Aex: 488, Aem: 512 nm). CatD
release was induced by incubating the macrophages for 10 h in the presence of S. pneumoniae. The cells
were fixed and stained with nuclear stain (DAPI, Aex: 405, Aem: 461 nm) Scale bar = 10um. Images were

obtained in a Leica SP5 confocal microscope by Dr. Brian McHugh.
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Pre-treatment of macrophages with the Cathepsin D inhibitor Pepstatin A resulted in
reduced fluorescent signal, indicating that the activation of the probe is specifically

triggered by Cathepsin D.

Figure 93 Confocal fluorescence microscopy images of macrophages challenged with S. pneumoniae

S.pneumoniae only

S. pneumoniae
+ Pepstatin A

versus challenge incubated with the fluorogenic CatD probe (10 uM, 6 h, Aex: 488, Aem: 512 nm) in absence
or presence of the inhibitor Pepstatin A. CatD release was induced by incubating the macrophages for 10
h in the presence of S. pneumonia with or without Pepstatin A (20 uM). The cells were fixed and stained
with nuclear stain (DAPI, Aex: 405, Aem: 461 nm). Scale bar = 10 um. Images were obtained from an Andor

spinning disk confocal microscope by Dr. Brian McHugh.
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5.3 Conclusions

In conclusion, a water soluble fluorogenic FRET probe for detection of CatD was
synthesised, that allows the specific detection and imaging of CatD within acidic pH

environments.

The fact that the peptide sequence is rich in aliphatic residues resulted in the initial
designs being poorly water soluble. In an attempt to increase the solubility of the
probes, a short and a long PEG chain were incorporated on the C-terminus of the
peptide. Water solubility on the PEGylated probes improved, however, the probe
bearing the short PEG tail still required DMSO as a co-solvent for dissolution. Instead,

the long PEG tail made the probe fully water soluble.

The water-soluble probe CatD-P3 was chosen as the optimal probe for cellular studies
and potential in vivo applications and was further characterised in vitro. The
fluorescence signal of CatD-P3 was stable at different pHs and activation was efficient
in presence of Cathepsin D, both in reaction buffer and in more complex media such as
in 10% FBS. The activation was inhibited by pepstatin A (an aspartic acid protease
inhibitor). The cleavage site between the two phenylalanines, was confirmed by MALDI-
TOF MS. Furthermore, CatD-P3 was tested in presence of a variety of inflammatory
proteases, such as Cathepsin B, Cathepsin G, Cathepsin E, hNE and Proteinase 3 with
only Cathepsin E, an aspartic protease highly related to Cathepsin D, showing cross-
activation. To my knowledge, no substrates have been found that are selective for
Cathepsin D over Cathepsin E, and further optimisation of the substrates for Cathepsin

D are required to reach full selectivity over Cathepsin E.

The probe was successfully used to detect Cathepsin D activity in macrophages
challenged by exposure to bacteria. Upon exposure to S. pneumoniae, release of

Cathepsin D into the cytosol by lysosomal leakage or partial rupture was detected in

A Fluorogenic Probe for the detection of Cathepsin D - 155 -



macrophages that were exposed to bacteria for 10 hours, while in “mock” macrophages,
unexposed to the pathogen, the fluorescence signal was reduced and localised into the
lysosomes. Pre-treatment of macrophages with Pepstatin A, a CatD inhibitor, resulted
in a significant decrease in fluorescence signal. Next plans for cellular imaging assays will
focus on performing co-staining experiments with bacterial labelling to confirm
presence of bacteria in the cell and testing the probe in more complex environments to
validate the probe as a useful tool to understand the role of Cathepsin D in apoptosis-

associated bacterial killing in macrophages.
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Chapter 6 Thesis conclusions and future work

The work on this thesis aimed to develop a series of peptide based fluorogenic peptide

substrates for monitoring proteolytic activity of inflammatory proteases hNE and CatD.

The first two chapters focus on the development of probes for hNE that overcome some
of the the limitations of existing hNE sensors, such as low sensitivity and specificity as
well as limited tissue penetration. The probes developed are highly specific and sensitive
for hNE and provide amplification of signal thanks to their substrate nature, that is
cleaved in a catalytic manner. Furthermore, a near-infrared (NIR) version of the probe
was developed that showed capabilities to detect hNE in activated neutrophils and NETs
and can allow deeper tissue penetration for in vivo use. Further investigation is needed
to fully characterize the performance of the smartprobe in various in vitro and in vivo
models, as well as to optimize its design for specific applications. Current studies on the
green hNE sensor (Chapter 1) are focusing on detection of hNE activity and NETosis in
whole blood samples and as a tool for evaluating performance of drugs such as
Ladaraxin for the treatment of COVID. Further functional characterisation on the best
NIR probe (Chapter 2) is required and planned experiments include evaluating the
probe’s capabilities for detecting hNE by flow cytometry as well as ex vivo tissue imaging

of elastase in inflamed porcine lung tissue.

In the future, these sensors can be further optimised to generate a variety of probes,
including NET specific probes, which could be developed by including a DNA binding
moiety or dye (such as DAPI or Hoescht) that would label and attach the probe to the
extracellular DNA of NETs. Similarly, theranostic probes can also be developed by adding
a photodynamic dye that can be activated by light to produce ROS locally upon detection

of probe’s fluorescence.

The fourth chapter describes the synthesis of a fluorogenic, pH stable, water-soluble
FRET probe for the specific detection of CatD, an aspartic protease present in
macrophages that is upregulated in macrophages when fighting bacterial infections.

Initial Cathepsin D substrates showed poor water solubility and high pH dependency of
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the fluorescence signal limiting its applications. Optimisation of initial designs lead to
incorporation of a long polyethylene glycol moiety as well as a pH insensitive BODIPY
fluorophore. The probe was used a tool to understand the mechanism of apoptosis
associated bacterial killing by macrophages, where the activity of CatD was detected in
macrophages exposed to bacteria, however, the background signal remains relatively

high and further optimisation on specificity will be required.

Going forward, these type of probes and construct could be combined as orthogonal
systems to obtain dual detection of proteases, allowing for simultaneous monitoring of
CatD and hNE activity (and therefore neutrophil and macrophage function) using two
independent FRET systems (i.e., a construct containing a sCy5-QSY21 labelled substrate
for hNE detection and a BODIPY-MR CatD substrate).

Overall, this thesis provides valuable insights into the development of peptide-based
fluorogenic probes for monitoring proteolytic activity of inflammatory proteases, and
the results have significant implications for the diagnosis and treatment of inflammatory
diseases and for better understanding of protease’s roles and functions. The optimized
probes described in this work offer several advantages over existing probes, such as
improved specificity, sensitivity, and tissue penetration, and have the potential for

further optimization and development for specific applications.
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Chapter 7 Experimental Procedures

General methods

All Fmoc-amino acids, Methyl Red, 5-carboxyfluorescein, DIC, Oxyma and Aminomethyl
ChemMatrix Resin (1 mmol/g), aminomethyl polysterene resin (0.75 mmol/g) and Fmoc-
Rink Amide Linker were purchased from GL Biochem, Sigma, Fluorochem or Apollo
Scientific and used without further purification. 5-carboxyfluorescein diacetate NHS
ester was provided by Shuo Zhang. Electrospray ionization mass spectrometry (ESI-MS)
analyses were carried out on an Agilent Technologies LC/MSD quadrupole 1100 series
mass spectrometer (QMS) in an ESI mode. High-resolution mass spectra (HR-MS) were
recorded on a Bruker SolariX Fourier transform ion cyclotron resonance mass
spectrometer (FT-MS). MALDI-TOF spectra were acquired on a Bruker Ultraflextreme
MALDI TOF/TOF with a matrix solution of sinapic acid (10 mg/mL) in H,O/CHsCN/TFA
(69.9/30/0.1) or a-cyano-4-hydroxycinnamic acid (10 mg/mL) in H,O/CHsCN/TFA
(49.9/50/0.1). NMR spectra were recorded using Bruker AC spectrometers operating at
500 MHz for 1H and 13C NMR. Chemical shifts are reported on the 6 scale in ppm and

are referenced to residual non-deuterated solvent resonances.

Analytical reverse-phase high-performance liquid chromatography (RP HPLC) was
performed on an HP1100 system equipped with a Kinetex 5 um XB-C18 reverse-phase
column (5 cm x 4.6 mm, 5 um) with a flow rate of 1 mL/min and eluting with
H,0/CH3CN/HCOOH (95/5/0.1) to H,O/CH3CN/HCOOH (5/95/0.1). Method A was used

as default unless otherwise stated.

e Method A: 10 minutes. With a gradient from 5 % to 95% CH3CN over the first 6
min then holding at 95% for 3 min, with detection at 495 and/or 650 nm and by
evaporative light scattering.

e Method B: 15 minutes. With a gradient from 5 % to 95% CH3CN over the first 12
min then holding at 95% for 2 min, with detection at 495 and/or 650 nm and by

evaporative light scattering.
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e Method C: 20 minutes. With a gradient from 5 % to 95% CH3CN over the first 15
min then holding at 95% for 4 min, with detection at 495 and/or 650 nm and by

evaporative light scattering.

Peptide purifications were performed on semipreparative or preparative reverse-phase

high-performance liquid chromatography (RP HPLC) systems.

e The preparative system was equipped with a Kinetex 5 pm XB-C18 100 A,
reverse-phase column (150 x 21.2 mm, AXIA packed). The separation was
achieved with a method with a flow rate of 10 mL/min and eluting with
H.0/CH3CN/HCOOH (95/5/0.1) to H0/CH3CN/HCOOH (5/95/0.1) over a
gradient of 21 minutes.

e The semipreparative system was equipped with an Aeris 5 pm XB-C18 100 A,
reverse-phase column (250 x 10 mm). The separation was achieved with a
method with a flow rate of 10 mL/min and eluting with H,O/CH3CN/HCOOH
(95/5/0.1) to H,0/CH3CN/HCOOH (5/95/0.1) over a gradient of 30 or 35 minutes.
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[2-Amino-3-(2-cyano-ethoxy)-2-(2-cyano-ethoxymethyl)-propoxy]propionitrile (3) 8

O/\/CN

HoN

To a solution of tris(hydroxymethyl)aminomethane (6.0 g, 49 mmol) in THF (100 mL),
40% KOH aqueous solution (2 mL) and acrylonitrile (12.9 mL, 200 mmol) were added
sequentially, and the resulting solution stirred overnight. The solvent was removed in
vacuo and water (100 mL) added to the crude. The aqueous layer was extracted with
DCM (3 x 100 mL), and the organic layer was dried with Na;SOa4. The organic solvent was
evaporated in vacuo to give the product as a colourless oil (7.4 g, 54%), used in the next

step without further purification. The data was in good agreement with the literature. 7

1H-NMR (500 MHz, Chloroform-d) & 3.67 (t, J = 6.1 Hz, 6H, OCH,), 3.42 (s, 6H, CH;0),
2.60 (t, J = 6.0 Hz, 6H, CH2CN), 1.61 (br, 2H, NH,). 3C-NMR (126MHz Chloroform-d) &
118.10 72.6, 65.8, 56.2, 19.0. LC-MS (ESI) 303.2 [M+Na]* HPLC-ELSD: tg 0.96 min, purity
92%.
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[2-(2-cyano-ethoxy)-1,1-bis-(2-cyano-ethoxymethyl)-ethyl]-carbamic acid tert-butyl

ester (4) 78

O/\/CN
o)
CN
O)J\N 0 >
)< H O/\/CN

To a stirred solution of tris-nitrile (3), (7.43 g, 26.5 mmol, 1 eq) in THF (100 mL), a solution
of di-tert-butyl dicarbonate was added (8.7 g, 39.8 mmol, 1.5 eq) in THF (30 mL) at 0 °C
followed by the addition of DIPEA (6.93 mL, 39.8 mmol, 1.5 eq). The reaction was
allowed to warm to room temperature and was stirred overnight. The THF was
evaporated in vacuo and the residue was dissolved in ethyl acetate (250 mL). The organic
layer was washed with 1IN KHSO4 (100 mL), saturated NaHCOs3 (100 mL) and brine (100
mL), dried over Na;SO4 and the solvent was evaporated to give the compound 4 as a

colourless oil (12.8 g, 100%). The data was in good agreement with the literature. 78

'H NMR (500 MHz, Chloroform-d) 6 4.88 (s, 1H, NH), 3.80 (s, 6H, CH,0), 3.72 (t, ) = 6.1
Hz, 6H, OCH.), 2.63 (t, J = 6.1 Hz, 6H, CH:CN), 1.46 (s, 9H, CH3) 13C NMR (126 MHz,
Chloroform-d) & 154.7, 118.0, 69.4, 65.8, 58.5, 28.3, 18.8. LC-MS (ESI): [M+Na]*! 403.3
HPLC-ELSD: tg 4.49 min, purity 98.9%.
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[2-(3-Amino-propoxy)-1,1-bis-(3-amino-propoxymethyl)-ethyl]-carbamic acid tert-
butyl ester (5) 78

O/\/\NHz

/C[L 0”7 > NH,

[e) N
/\\ " 07 NH,

To a stirred solution of the Boc protected tris-nitrile (4) (4.5 g, 12 mmol, 1 eq) in
anhydrous THF (50 mL) BHs-THF complex (1M in THF, 72 mmol, 72mL, 6 eq) was added
and the resulting mixture was stirred at 55 °C for 5h. Following cooling, 2M HCI was
added to give a pH between 1-2. The mixture was neutralized with 1M NaOH and the
solvent was removed in vacuo to give the Boc protected tris amine 5 as a colourless oil
(5.0 g, 100%). The crude product was used without purification for the next step. The

data was in good agreement with literature. 78
1H NMR (500 MHz, MeOD-d) & 3.67 (s, 6H, CH-0), 3.59 (t, J = 6.0 Hz, 6H, OCH>), 2.97 (m,

6H CH2N), 1.90 (quint, J = 6.2 Hz, 6H, CH,), 1.46 (s, 9H, CHs, Boc). LC-MS (ESI): [M+Na]*
405.4 HPLC-ELSD: tg 0.69 min.
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[2-{3-[1-(4, 4-Dimethyl-2,6-dioxocyclohexylidene)ethylamino]propoxy- 1,1-bis-[3-[1-
(4,4-dimethyl-2,6 - dioxocyclohexylidene)ethylamino]propoxymethyl]-ethyl]-

carbamic acid tert-butyl ester (6) ’*

(0] @)
| 0

O/\/\N

O H
/U\ o/\/\H

[o) N
O
Ly

NS

(0]

The crude product (5) (4.05g, 10.2mmol, 1 eq) was dissolved in MeOH (75 mL) and DIPEA
(2.13 mL, 12.24 mmol, 1.2 eq) was added. A solution of 2-acetyl-dimedone (DdeOH,
6.5g, 35.7 mmol, 3.5 eq) in DCM (40 mL) was added and the resulting mixture was stirred
overnight. The solvents were removed in vacuo and the residue was purified by column
chromatography (eluting with DCM:MeOH 9:1) to give the product (6) as a yellow oil

(6.1 g, 69%). The data was in good agreement with the literature. 7!

1H-NMR (500 MHz, Chloroform-d) 6 3.66 (s, 6H, CH20), 3.56 — 3.45 (m, 12H, OCH,/CH:N),
2.56 (s, 9H, CH;3 Dde), 2.36 (s, 12H, CH;, Dde), 1.92 (quint, 6H, J = 6.2 Hz, CHz), 1.40 (s,
9H, CH3, Boc), 1.03 (s, 18H, CH3, Dde). 33C NMR (126 MHz, Chloroform-d) 6§ 173.5, 156.0,
154.9, 107.9, 79.1, 69.8, 68.3, 67.8, 58.5, 40.6, 30.1, 29.3, 28.4, 28.3, 17.8. LC-MS (ESI):
[M+H]** 885.5 HPLC-ELSD: tg 5.39 min, purity 97%.
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[2-[3-[1-(4, 4-Dimethyl-2,6-dioxocyclohexylidene)ethylamino]propoxy]- 1,1-bis-[3-[1-
(4,4-dimethyl-2,6-  dioxocyclohexylidene)ethylamino]propoxymethyl]-ethyl]Jamine
(6.1)"*

The protected amine (6) (2.6 g, 2.9 mmol) was dissolved in 20% TFA in DCM (40 mL) and
the resulting mixture was stirred for 2h at room temperature. The solvent was removed
in vacuo and the residue was dissolved in DCM (150 mL) and washed with saturated
aqueous NaHCOs (75 mL) and water (75 mL). The organic layer was dried with Na;SOa4
and the solvents removed in vacuo to obtain the amine 6.1 as a yellow oil (1.9 g, 83%).

The data was in good agreement with the literature. 7*

1H-NMR (500 MHz, Chloroform-d) & 3.52 (m, 12H, OCH>/CH:N), 3.37 (s, 6H, CH,0), 2.59
(s, 9H, CHs Dde), 2.38 (s, 12H, CHz, Dde), 1.95 (quint, 6H, J = 6.2 Hz, CHz), 1.05 (s, 18H,
CH; Dde) 13C NMR (126 MHz, Chloroform-d) 6 198.3, 173.5, 107.9, 72.7, 68.7, 56.3, 52.9,
40.9, 30.1, 29.2, 28.3, 17.8 LC-MS (ESI): [M+H]* 785.5; HPLC-ELSD: tr 3.93 min purity
84%.
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[2-[3-[1-(4, 4-Dimethyl-2,6-dioxocyclohexylidene)ethylamino]propoxy]- 1,1-bis-[3-[1-
(4,4-dimethyl-2,6 - dioxocyclohexylidene)ethylamino]propoxymethyl]-ethyl]

isocyanate (7) 7!

O\\C o/\/\ %
/\/\NH

NS

)

To a mixture of amine (5) (0.9 g, 1.15 mmol, 1 eq) and DMAP (0.16 g, 1.27 mmol, 1.1 eq)
in anhydrous DCM (20 mL) was added, dropwise, a solution of Boc,0 (0.31g, 1.44 mmol,
1.25 eq) in anhydrous DCM (10 mL) and the reaction mixture was stirred for 1 h
(conversion was monitored by HPLC). The solvent was removed in vacuo to give the
isocyanate 6 that was used immediately. The data were in good agreement with the

literature.’?

LC-MS (ESI): [M+H]* 811.4 ; IR (neat) v (cm™): 2954, 2868, 2244, 1636, 1572, 1463,
1388, 1108, 805; HPLC-ELSD: tr 5.77 min purity 97 %.
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Dde-OH (8) 1*°

OH

Dimedone (7.07 g, 50.4 mmol, 1 eq), DMAP (6.46 g, 52.9 mmol, 1.05 eq.) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI, 10.1 g, 52.9 mmol,
1.05 eq) were dissolved in DMF (50 mL). Acetic acid (3.02 mL, 52.9 mmol, 1.05 eq) was
added and the reaction stirred overnight. The DMF was removed in vacuo, the residue
was dissolved in EtOAc (50 mL) and washed with 1 M HCI (2 x 100 mL) and water (2 x
100 mL). The organic layer was dried with MgS04, filtered, concentrated and dried in
vacuo to give the target compound 8 (6.7 g, 73%). Data in good agreement with

literature. 1°°

1H NMR (500 MHz, Chloroform-d) 6 2.63 (s, 3H, CHs), 2.55 (s, 2H, CH,), 2.38 (s, 2H, CH,),
1.10 (s, 6H, CH3). 3C NMR (126 MHz, Chloroform-d) § 202.5, 197.9, 195.2, 112.4, 52.5,
46.9, 30.7, 30.5, 28.5, 28.2. LC-MS (ESI): [M+H]*1 183.1 HPLC-UV (252 nm): tg 4.44 min,
purity 94%.
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Fmoc-Lys(Dde)-OH (9) 2%°

O
O. O\H/H\é)J\OH

0]

NH

Fmoc-Lys-OH-HCI (10.2 g, 25.2 mmol, 1 eq) was dissolved in H0 (100 mL) and DIPEA (4.8
mL, 27.7 mmol, 1.1 eq) was added and the reaction was stirred for a few minutes until
a white precipitate formed. The resulting solid was collected by filtration and dried in a
vacuum oven at 40° C overnight to give the free amine (9.1 g, 95%). To a stirred
suspension of Fmoc-Lys-OH (6.77 g, 18.4 mmol, 1 eq) in EtOH (250 mL), Dde-OH 8 (6.7
g, 36.8 mmol, 2 eq) and TFA (100 pL, 1.84 mmol, 0.1 eq) were added. The reaction
mixture was refluxed for 60 h. After cooling to room temperature, the solvent was
removed in vacuo and the residue was dissolved in EtOAc (300 mL), washed with 1M
KHSO4 (2 x 200 mL) and 1M HCI (2 x 200 mL). The organic phase was dried over MgSQa,
filtered, and evaporated in vacuo. The product was isolated by flash column
chromatography (eluting with 5% AcOH / EtOAc) and solvent evaporated in vacuo to
give compound 9 as a white powder (6.5 g, 66% ). The data was in good agreement with

the literature. 290

IH NMR (500 MHz, Chloroform-d) & 7.77 (d, J = 7.6, 2H), 7.61 (t, J = 7.9 Hz, 2H), 7.41 (t, J
= 7.5 Hz, 2H), 7.34—7.27 (m, 2H), 5.73 (d, J = 8.1 Hz, 1H), 4.47 (q, J = 7.6 Hz, 1H), 4.40 (d,
J=8.0 Hz, 2H), 4.23 (t, J = 7.0 Hz, 1H), 3.42 (q, J = 6.3 Hz, 2H), 2.57 (s, 3H), 2.38 (s, 4H),
2.03 — 1.90 (m, 1H), 1.73 (m, 3H), 1.55 (m, 2H), 1.03 (s, 6H). 3C NMR (126 MHz,
Chloroform-d) & 175.5, 174.8, 174.0, 156.1, 143.9, 143.8, 141.3, 127.7, 127.1, 125.1,
120.0, 120.0, 107.9, 67.1, 53.4, 52.5, 47.2, 43.2, 31.9, 30.2, 28.3, 28.2, 22.4, 20.6, 18.1.
LC-MS (ESI): [M+H]** 533.3 HPLC-ELSD: tg 5.4 min, purity 100 %. FT-HRMS: Calculated
m/z for C31H37N206 [M+Na]** : 555.24656 Found: 555.2460
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Fmoc-Lys-(MR)-OH (10) **

S
O. o\g/n\é)kOH

Methyl Red (2.50 g, 9.30 mmol, 1 eq) was dissolved in THF (60 mL) and cooled to 0° Cin
an ice-bath. DCC (2.21 g, 10.7 mmol, 1.15 eq) was added followed by NHS (1.14 g, 9.87
mmol, 1.06 eq). The reaction mixture was stirred 2 h at 0° C followed by overnight at rt.
The reaction mixture was filtered and the red precipitate was collected. The precipitate
was dissolved in anydrous. DMF (15 mL) and added dropwise to a solution of Fmoc-Lys-
OH-HCI (4.89 g, 12.0 mmol, 1.3 eq) in anhydrous DMF (20 mL) and DIPEA (4.8 mL, 27.6
mmol, 3 eq), and the reaction mixture stirred for 3 h. The solvent was evaporated in
vacuo and the crude product purified by column chromatography on silica gel

(DCM:MeOH 15:1 as an eluent) to generate compound 10 as a red solid (2.40 g, 32%).%*

'H NMR (500 MHz, DMSO-d) & 8.55 (t, J = 5.6 Hz, 1H), 7.89 (d, J = 7.6 Hz, 2H), 7.76 (d,
J=8.9 Hz, 2H), 7.71 (d, ) = 7.7 Hz, 2H), 7.67 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.53
(t,J = 7.6 Hz, 1H), 7.46 (t,) = 7.3 Hz, 1H), 7.42 (td, ) = 7.5, 2.8 Hz, 2H), 7.32 (t, J = 7.4 Hz,
2H), 6.86 (d, J = 9.0 Hz, 2H), 4.27 (d, ) = 7.1 Hz, 2H), 4.21 (t, ) = 7.2 Hz, 1H), 3.94 (m, 1H),
3.06 (s, 6H), 2.61 (m, 2H), 1.76 (m, 1H), 1.67 (m, 1H), 1.56 (m, 2H), 1.44 (m, 2H). 13C NMR
(500 MHz, Chloroform-d) 6 174.1, 171.1, 167.0, 156.4, 153.3, 150.6, 143.9, 143.8, 143.4,
141.3,131.9,131.4,129.6,128.9,127.7,127.1,127.1, 125.8, 125.2, 119.9, 116.0, 111.7,
67.1,53.7,47.3,40.3,39.5,31.4, 29.7, 22.5 LC-MS (ESI): [M+H]* 620.3 HPLC-ELSD: tr 6.4
min, purity 90.5%. FT-HRMS: calculated m/z for C3gH3sOsNs [M+H]* 620.2867; found,
620.2876

Experimental Procedures -169 -



Rink amide linker attachment to ChemMatrix or polysterene resin: The Fmoc-Rink-
amide linker (3 eq) was dissolved in DMF (10 mL) and Oxyma (3 eq) was added and the
mixture was stirred for 10 min. DIC (3 eq) was added and the mixture was stirred for
further 1 min. The solution was added to the resin (0.7 mmol/g PS or 1 mmol/g CM, 1
eq, pre-swollen in DCM) and shaken for 2 h. The resin was washed with DMF (3 x 10 mL),
DCM (3 x 10 mL) and MeOH (3 x 10 mL). The coupling reaction was monitored by a Kaiser

test.

Isocyanate coupling: A solution of isocyanate 7 (3 eq), DIPEA (3.1 eq) and DMAP (0.06
eq) in a 1:1 mixture of DCM/DMF (4 mL) was added to the resin (1 eq, pre-swollen in
DCM) and the mixture was shaken overnight (the reaction was monitored by a Kaiser
test). The solution was drained and the resin was washed with DMF (3 x 20 mL), DCM (3
x 20 mL), MeOH (3 x 20 mL) and ether (3 x 20 mL).

Dde deprotection: To the resin (pre-swollen in DCM), 2% hydrazine in DMF was added
and the reaction mixture was shaken for 2h. The resin was filtered and washed with
DMF (3 x 20 mL), DCM (3 x 20 mL) and MeOH (3 x 20 mL). Dde deprotection in the Fmoc
or sulfoCy5 containing peptides was achieved with a solution containing imidazole (1.35
mmol) and hydroxylamine hydrochloride (1.80 mmol) in NMP (5 mL). After complete
dissolution 5 volumes of this solution were diluted with 1 volume of CH,Cl, and the resin
was treated with the final mixture for 3 h at room temperature. The solution was drained

and the resin washed with DMF (3 x 10 mL), DCM (3 x 10 mL) and MeOH (3 x 10 mL).

Fmoc deprotection: To the resin (pre-swollen in DCM), 20% piperidine in DMF was
added and the reaction mixture was shaken for 10 min. The solution was drained and
the resin was washed with DMF (3 x 10 mL), DCM (3 x 10 mL) and MeOH (3 x 10 mL).

This procedure was reaped twice.

Amino acid and dye couplings: A solution of the N-Fmoc-protected amino acid, 5-
Carboxyfluorescein, Fmoc-(EG),-OH (4.3 eq), Fmoc-Lys(Dde)-OH or Fmoc-Lys(MR)-OH
(1.7 eq) with Oxyma (4.3 eq or 1.7 eq) in DMF (0.07 M) was stirred for 10 min. DIC (4.3

eq or 1.7 eq) was added and the solution was stirred for further 1 min. The solution was
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added to the resin (3 eq, pre-swollen in DCM) and the reaction mixture was shaken for
30 min at 50° C, except for Fmoc-Lys(MR)-OH that was shaken for 1 h at 50° C. The
solution was drained and the resin washed with DMF (3 x 10 mL), DCM (3 x 10 mL) and
MeOH (3 x 10 mL). Following the last coupling with 5-Carboxyfluorescein, the resin was
washed with 20 % piperidine to cleave any esters formed. The coupling reactions were

monitored by a Kaiser test.

N-terminal capping with sulfo-Cy5 dye: A solution containing sulfo-Cy5 (1.0 eq per
amine) in anhydrous DMF (10 mg/mL) was activated with N,N,N'N'-
bis(tetramethylene)-O-(N-succinimidyl)uranium hexafluorophosphate (HSPyU) (1.0 eq)
and DIPEA (3 eq) at 40°C for 1 h. Once the activation was complete the solution was
added to the resin together with DIPEA (3 eq) and shaken overnight. The solution was
drained and the resin washed with DMF until the wash solution was colourless, then

DCM (3 x5 mL) and MeOH (3 x 5 mL).

QSY21 coupling: QSY21 succynimil ester (19) (1.0 eq per amine) was coupled in
anhydrous DMF (0.1 M) containing DIPEA (3 eq) for 12 h. The solution was drained and
the resin washed with DMF until the wash solution was colourless, then DCM (3 x 5 mL),

MeOH (3 x 5 mL) and finally ether (3 x 5 mL)

Coupling of N-hydroxysuccinimide ester of 5-carboxyfluorescein diacetate?: A solution
of the N-hydroxysuccinimide ester of 5-carboxyfluorescein diacetate (1.7 eq) in DMF
(0.07 M) were stirred for 10 min and added to the resin followed by addition of DIPEA
(1 eq) and the mixture was shaken for 30 min at 50° C followed by shaking at room
temperature overnight. The solution was drained and the resin washed with DMF (3 x
10 mL), DCM (3 x 10 mL) and MeOH (3 x 10 mL). The coupling reaction was monitored

by a Kaiser test. The resin was washed with 20 % piperidine to remove any esters.

Cleavage and deprotection: The resin (pre-swollen in DCM) was shaken 3 h in
TFA/TIS/DCM (95:2.5:2.5, 5 mL). The solution was collected by filtration and the resin
was washed with the cleavage cocktail. The combined filtrates were added to ice-cold
ether, and the precipitated solid was collected by centrifugation, and washed repeatedly

with cold ether (3 x 50 mL).
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NES (2)
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All amino acids and Methyl Red were coupled following the general solid-phase coupling
procedure. The 5-carboxyfluorescein was incorporated following Dde deprotection of
the Lysine sidechain (9), using 4.3 eq. (0.1 M) of 5-carboxyfluorescein per amino group
of the sidechain. Purification of the probe was performed on the semi-preparative HPLC
system with a gradient of 5 to 95% B over 35 min (tr = 23 min). Fractions containing the
product were combined and the solvent removed by freeze-drying to give NES as an

orange solid. (2 mg, 2%). Data in good agreement with literature. 7’

LC-MS (ESI): [M+6H]*® 824.2. FT-HRMS: C15H267N3sNaOss** [M+3H+1Na]** Expected:
1035.4915 Found: 1035.4909. HPLC (495 nm): tg 5.40 min, purity 98%. Aabs 500 nm

(max) Aem 520 nm (max).
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HNE-FQ (11)
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All amino acids 5-carboxyfluorescein (or the NHS ester of 5-carboxyfluorescein diacetate
ester) and Fmoc-Lys(MR)-OH (10) were coupled following the general solid-phase
coupling procedures described above. Purification of the probe was performed on the
semi-preparative HPLC system with a gradient of 5 to 95% B over 35 min (tr = 24.4 min).
Fractions containing the product were combined and the solvent removed via freeze-
drying to give HNE-FQ as an orange solid. (20 mg, 15 %). Data in good agreement with

literature. %4

LC-MS (ESI): [M+5H]*> 1075.6. FT-HRMS: Calculated m/z for CaeoH357Ns9Og7 [M+6H]*®
896.7733 Found: 896.7710 MALDI-TOF MS: [M+H]* Expected: 5375.603 Found:
5375.789. HPLC: (495 nm) (lower) tr 4.0 min, purity 97% Aabs 500 nm (max) Aem 520 nm

(max).
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SulfoCy5-OH (12)

A solution of 1,2,3,3-tetramethyl-3H-indolium 5-sulfonate (372 mg, 1.47 mmol, 2.2 eq),
6-(1-formyl-2-oxoethyl)-3-pyridinecarboxylic acid (129 mg, 0.67 mmol, 1.0 eq) and
sodium acetate (346 mg, 4.22 mmol, 6.3 eq) in Ac;O/AcOH (1:1, 10 mL) were added to
a microwave vial and heated at 120°C for 30 min in a microwave. The mixture was cooled
to room temperature and the solvents were removed in vacuo. Cold diethyl ether was
added and the solid collected by centrifugation (3 x 15 mL). The obtained solid was dried
under vacuum to give a dark blue solid, (200 mg, 45%). Data is in good agreement with

literature. 3%

14 NMR (601 MHz, MeOD-d) & 9.28 (s, 1H), 8.50 (dd, J = 7.9, 2.0 Hz, 1H), 8.45 (d, J = 14.3
Hz, 2H), 7.92 (s, 2H), 7.88 (dd, J = 8.2, 1.7 Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.3
Hz, 2H), 5.83 (d, J = 14.3 Hz, 2H), 3.42 (s, 6H), 1.81 (s, 12H) 3C NMR (126 MHz, MeOD-d)
6 175.4, 168.7, 155.7, 153.3, 150.8, 144.0, 143.0, 142.3, 141.2, 138.5, 137.8, 127.6,
125.4, 119.9, 110.4, 101.3, 49.4, 30.3, 26.2. LC-MS (ESI): [M+Na]* 685.9. MALDI-TOF
MS: calculated for C33H3aN30sS," [M+H]* m/z 664.2. Found 664.3. HPLC (650 nm) tg =
3.00 min, purity 100 %

Experimental Procedures -174 -



Spiro[3H-2,1-benzoxathiole-3,9'-[9H]xanthene]-6-carboxylic acid, 3’,6’-dichloro-, 1,1-
dioxide (15)

DMF (280 pL, 3.6 mmol, 0.9 eq) was added to SOCI, (10.66 mL). Sulfonfluorescein (1.9 g,
3.9 mmol, 1 eq) was added in small portions under stirring. The mixture was heated
under reflux for 4 h, then cooled to rt and slowly poured into 300 mL iced water with
continuous stirring. The resulting precipitate was collected by filtration, washed with
water and dried in vacuo to give the product as a brown powder (2.2 g, 90 %). The crude

was used without further purification. Data in agreement with literature. 133

LC-MS (ESI) [M+H]*: 405.1 HPLC (252 nm): tg 6.25 min.
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Spiro[3H-2,1-benzoxathiole-3,9'-[9H]xanthene], 3',6'-bis(2,3-dihydro-1H-indol-1-yl)-,
1,1-dioxide (16)

Compound 15 (2.0 g, 5 mmol, 1 eq) was dissolved in MeOH (80 mL), indoline (2.5 g, 20
mmol, 4 eq) was added, and the reaction mixture refluxed for 5 h. After cooling to rt,
the solvent was evaporated in vacuo. DCM (100 mL) was added and the organic layer
washed with 1M HCI (2 x 150 mL) and brine (200 mL). After drying over Na;SO4 the
solvent was evaporated in vacuo to give the product as a dark blue film (1.9 g, 60%). The
compound was used without further purification. Data in good agreement with

literature. 133

1H NMR (500 MHz, Chloroform-d) & 8.44 (dd, J = 8.1, 1.2 Hz, 1H, Hj1), 7.73 - 7.66 (m, 1H,
His), 7.57 (m, 2H, H, H1s,20), 7.49 (M, 2H, Hss,40), 7.43 (d, J = 8.2 Hz, 2H, H311), 7.32 - 7.29
(m, 1H), 7.28 — 7.24 (m, 2H), 7.22 — 7.16 (m, 4H), 7.15 — 7.11 (m, 1H), 7.05 (d, J = 7.8 Hz,
2H, He,42), 4.07 (t,J = 8.3 Hz, 4H, Ha9,30), 3.17 (t, ) = 8.2 Hz, 4H, H31,28) LC-MS (ESI): [M+H]*
571.0; HPLC (650 nm): tr 5.7 min, purity 96%.
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1-[2-[3-(1,3-dihydroisoindol-2-ium-2-ylidene)-6-(1,3-dihydroisoindol-2-yl)xanthen-9-

yllphenyl] sulfonylpiperidine-4-carboxylate ester (17)

Compound 17 (1.7 g, 3 mmol, 1 eq) was dissolved in POCl3 (28 mL) and heated at reflux
for 5h under Nj. After cooling to room temperature, the solvent was evaporated in
vacuo. The resulting crude was dissolved in chloroform (50 mL) and a solution containing
ethyl isonipecotate (4.8 mL, 41 mmol, 12.5 eq) and EtsN (3.4 mL) in chloroform (14 mL)
was added dropwise and the reaction mixture stirred overnight. DCM (150 mL) was
added and the organic layer washed with 2M HCI (2 x 120 mL), brine (120 mL) and dried
over Na;SOs. The product was purified by column chromatography (elution with 9:1
DCM:MeOH) to give a dark blue film (990 mg, 35%). Data in good agreement with

literature. 133

1H NMR (500 MHz, Chloroform-d) 8.16 (dd, J = 8.0, 1.4 Hz, 1H, H3), 7.93 (td, J = 7.5, 1.3
Hz, 1H, Hzs), 7.87 (td, J = 7.8, 1.4 Hz, 1H, H3s), 7.63 — 7.59 (m, 2H), 7.58 (d, J = 8.1 Hz, 2H,
Hsa1), 7.54 (d, J = 2.3 Hz, 2H), 7.52 (dd, J = 7.5, 1.4 Hz, 1H, Hs4), 7.49 — 7.41 (m, 1H), 7.37
(dd, J = 7.5, 1.3 Hz, 2H), 7.32 = 7.29 (m, 2H), 7.24 — 7.17 (m, 1H), 7.14 (m, 2H), 4.49 —
4.36 (m, 4H), 4.22 — 4.10 (m, 1H), 4.05 (quint, J = 7.1 Hz, 2H, Hsy), 3.41 — 3.25 (m, 6H),
2.76 —2.66 (m, 2H), 2.42 (m, 1H), 1.56 (M, 2H, Haaae), 1.32 — 1.23 (M, 2H, Haas), 1.18 (t,
J=7.1Hz, 3H, Hs1).23C NMR (126 MHz, Chloroform-d) § 173.8,157.7, 156.0, 152.5, 142.3,
138.9,134.9, 133.4, 132.1, 131.5, 131.0, 130.6, 129.7, 127.6, 126.3, 125.1, 117.9, 116.9,
113.8,100.4, 60.7, 53.5,44.7,39.7, 28.2, 27.6, 14.1. LC-MS (ESI) [M]*: 710.3 found: 710.3
HPLC (650 nm): tr 5.32, purity 93%.
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QSY21 carboxylic acid (18)
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Compound 17 (0.86 g, 1.21 mmol) was dissolved in MeOH/THF (1:2, 30 mL) and 1M
NaOH (aq, 10 mL) was added and the reaction mixture stirred for 2h. The solvent was
partially evaporated under vacuum. The organic layer was washed with 2M HCI
(120 mL), brine (120 mL). The organic phase was dried over Na,SOs4 and solvent
evaporated under vacuum to give a blue powder (0.8 g, 100%). Data in good agreement

with literature. 133

H NMR (500 MHz, Chloroform-d) 6 8.19 (dd, J = 5.5, 2.0 Hz, 1H, Hsy), 7.92 — 7.81 (m, 2H,
Hss 36), 7.60 (m, 2H), 7.56 — 7.52 (m, 2H), 7.48 (d, J = 2.2 Hz, 2H), 7.43 (dd, J = 5.2, 2.1 Hz,
1H, Hsa), 7.36 (dd, J = 7.5, 1.2 Hz, 2H), 7.34—7.24 (m, 3H), 7.14 (t, J = 7.4 Hz, 2H), 4.55 —
4.27 (m, 4H, Hao.21), 3.34 (M, 4H, H 1022), 3.17 — 3.03 (m, 2H, Ha3,47), 2.81 — 2.64 (m, 3H,
Ha3,474s), 1.90 — 1.78 (m, 2H, Haaas), 1.67 — 1.53 (m, 2H, Haass). 3C NMR (126 MHz,
Chloroform-d) & 175.4, 157.5, 155.9, 152.5, 142.2, 138.7, 135.0, 133.1, 132.2, 131.1,
131.1,130.7,130.4, 127.7, 126.3, 125.2, 118.1, 116.9, 113.9, 99.9, 53.4, 44.5, 39.3, 28.2,
27.5. LC-MS (ESI) [M]*: 682.0 HPLC (650 nm): tr 4.78 min, purity 90%.
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QSY21 succynimil ester (19)
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Compound 18 (0.25 g, 0.36 mmol) was dissolved in anhydrous DMF (12 mL). TSTU
[N,N,N',N'-Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate] (165 mg, 1.5 eq)
and DIPEA (0.19 mL, 3 eq) were added and the solution stirred overnight. The solvent
evaporated under vacuum and chloroform (100 mL) was added. The organic layer
washed with 1M HCl (2 x 100 mL), were dried over Na;SOs and evaporated under

vacuum to give a blue powder (200 mg, 71%). Data in good agreement with literature.

133

1H NMR (500 MHz, Chloroform-d) & 8.21 (d, J = 7.8 Hz, 1H, Hs;), 7.91 — 7.81 (m, 2H,
Hzs 36), 7.64—7.48 (m, 6H), 7.42 (m, 1H, Hza), 7.36 (m, 2H), 7.34 — 7.29 (m, 3H), 7.14 (td,
J=7.4,4.9 Hz, 2H), 4.54 — 4.25 (m, 4H, Hag1), 3.34 (M, 4H, H 15), 3.20 — 3.03 (m, 2H,
Ha3,47), 2.80 — 2.71 (m, 2H, Haza7) , 2.67 (s, 4H, Haaas), 2.45 — 2.33 (m, 1H, Has), 2.03 —
1.68 (M, 4H, Hs354). LC-MS (ESI) [M]* 779.0 HPLC (650 nm): tr 4.99 min, purity 92 %.
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Carbamic acid, N-[2-(2-propyn-1-yloxy)-1,1-bis[(2-propyn-1-yloxy)methyl]ethyl]-, 1,1-
dimethylethyl ester (23)

A solution of N-(tert-butyloxycarbonyl)tris(hydroxymethyl)Jaminomethane (500 mg,
2.26 mmol, 1 eq) in anhydrous DMF (6 mL) was stirred at 0° and small portions of finely
ground KOH (951 mg, 16.4 mmol , 7.25 eq) were added over a period of 15 min.
Propargyl bromide (80 wt.% in toluene, 1.76 mL, 15.8 mmol, 7 eq) was added dropwise
and the reaction mixture was then heated to 35°C and stirred for 24 h under N:
atmosphere. To resulting brown mixture ethyl acetate (50 mL) was added and the
organic layer was washed with water (3x30 mL), dried over Na;SO4 and concentrated to
dryness in vacuo. Purification by column chromatography on silica gel (eluting with
hexanes/EtOAc 95:5 to 90:10) gave the title compound (190 mg, 60%). The data were in

good agreement with the literature. 202

'H NMR (500 MHz, Chloroform-d) 6 4.94 (br, 1H, NH), 4.18 (d, J = 2.4 Hz, 6H, OCH>), 3.81
(s, 6H, CH20), 2.45 (t, J = 2.4 Hz, 3H, C=CH), 1.45 (s, 9H, Boc). 3C NMR (126 MHz,
Chloroform-d) 6 154.8, 79.6, 79.3, 74.5, 68.9, 58.7, 58.1, 28.4. LC-MS (ESI) [M+H]* 336.2,
[M +Na]* 358.2 [M+K]*; FT-HRMS : calculated for CigH2sNOs [M+H]* m/z 336.18055
Found: [M+Na]* 358.1626; HPLC-ELSD: tg 5.80 min, purity 100%.

Experimental Procedures -180 -



1,3-Bis(2-propyn-1-yloxy)-2-[(2-propyn-1-yloxy)methyl]-2-propanamonium 2,2,2-

trifluoroacetate (24)
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A solution of N-(tert-Butyloxycarbonyl)tris(hydroxymethyl)propargyl (80 mg, 0.3 mmol,
1 eq) was stirred in 20% TFA/DCM (5 mL) for 1 h and the reaction was monitored by TLC
and HPLC. The solvent was removed in vacuo to give the product as a colourless oil (75

mg, 100%).

1H NMR (500 MHz, Chloroform-d) & 4.20 (d, J = 2.4 Hz, 6H, OCHz), 3.73 (s, 6H, CH,0),
2.50 (t, J = 2.3 Hz, 3H, C=CH). 3C NMR (500 MHz, Chloroform-d) & 78.2, 76.1, 67.0, 60.3,
59.0. LC-MS (ESI) [M+H]* 236.2 [M +Nal]* 258.1 ; FT-HRMS : calculated for Ci3H1sNOs
[M+H]* 236.12812 Found: [M+H]* 236.1279; HPLC-ELSD: 2.7 min, purity 100%. The data

were in good agreement with the literature. 20!
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N-Boc-3-[2-(2-aminoethoxy)ethoxy]ethanoic acid fluoride (25)
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8-Tert-butyloxycarbonylamino-3,6-dioxaoctanoic acid (264 mg, 1 mmol, 1 eq) was
dissolved in anhydrous DCM (5 mL) and cyanuric fluoride (172 pL, 2 eq, 2 mmol) was
added followed by pyridine (81 uL, 2 eq, 2 mmol) and reaction stirred for 2 h. Conversion
was monitored by TLC (MeOH:DCM 1:9) and LC-MS by adding a small amount of the
reaction mixture into anhydrous MeOH to form the corresponding methyl ester and
analysis). Upon completion ice water was added to the reaction mixture and the organic
layer was dried with MgS04 and evaporated in vacuo. The product was used immediately

without further purification (223 mg, 80%).

14 NMR (500 MHz, Chloroform-d) & 5.1 (s, 1H) 4.34 (d, J = 3.5 Hz, 2H), 4.16 (s, 2H), 3.79
—3.73 (m, 2H), 3.68 — 3.63 (m, 2H), 3.53 (t, J = 5.2 Hz, 2H), 1.44 (s, 9H). 13C NMR (126
MHz, Chloroform-d) 6 162.2, 159.3, 156.2, 79.5, 71.5, 71.4, 70.5, 66.8, 66.3, 40.5, 28.4.
LC-MS (ESI): calculated for C12H23NOs (methyl ester) [M+OMe+Na]* 300.1, found 300.1
HPLC-ELSD (MeOH/H0, 15 min): 6.9 min, purity 85 %.
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N-Boc-2-[2-(2-aminoethoxy)ethoxy]ethanamide, N-[2-(2-propyn-1-yloxy)-1,1-bis[(2-
propyn-1-yloxy)methyl]ethyl] (26)
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8-tert-butyloxycarbonylamino-3,6-dioxaoctanoic acyl fluoride (70 mg, 0.3 mmol) was
dissolved in anhydrous DMF (5 mL) and DIPEA (0.5 mL, 3 eq. 3 mmol) was added
followed by tris(hydroxymethyl)propargyl 25 (80 mg, 1 eq, 0.3 mmol) and the reaction
stirred overnight. Conversion was monitored by TLC and RP-HPLC. The solvent was
evaporated in vacuo and the product was purified by column chromatography (eluted

with DCM:MeOH 9:1) (110 mg, 75 %).

1H NMR (500 MHz, Chloroform-d) & 6.84 (br, 1H, NH, Tris), 5.03 (br, 1H, NH, Boc), 4.17
(d, 6H, CH20, Tris), 3.92 (s, 2H, COCH,, PEG), 3.88 (s, 6H, OCH,, Tris), 3.69 —3.59 (m, 4H,
OCH»/CH;0, PEG), 3.56 (t, J = 5.2 Hz, 2H, OCH,/CH,0, PEG), 3.34 (quint, J = 5.4 Hz, 2H,
CH2NH PEG), 2.45 (t,J = 2.4 Hz, 3H, C=CH, Tris), 1.46 (s, 9H, CHs Boc). 13C NMR (126 MHz,
Chloroform-d) & 169.6, 156.0, 79.6, 79.3, 74.7, 71.0, 70.9, 70.5, 70.1, 68.5, 59.1, 58.7,
40.4,28.4.LC-MS (ESI) [M + Na]* m/z503.1; FT-HRMS : calculated for C2aH37N,0s [M+H]*
m/z 481.25444 Found: [M+H]* 503.23639; HPLC-ELSD: tg 5.08 min, purity 86 %.
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2-[2-(2-aminoethoxy)ethoxy]-ethanamide, N-[2-(2-propyn-1-yloxy)-1,1-bis[(2-propyn-
1-yloxy)methyl]ethyl] (26.1)
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8-tert-butyloxycarbonylamino-3,6-dioxaoctanoic-tris(hydroxymethyl)propargyl (110
mg, 0.28 mmol) was dissolved in 20% TFA in DCM (5 mL) and stirred for 2. The solvent
was evaporated under vacuum and the product used without further purification. (90

mg, 100%).

'H NMR (500 MHz, MeOD-d) 6 4.19 (d, J = 2.4 Hz, 6H, CH20, Tris), 3.98 (s, 2H, COCH,
PEG), 3.85 (s, 6H, , OCH,, Tris) 3.79 — 3.75 (m, 2H OCH,/CH,0, PEG), 3.74 (d, 4H, OCH,,
PEG), 3.19 — 3.13 (m, 2H, OCH>/CH20, PEG), 2.89 (t, J = 2.4 Hz, 3H, C=CH, Tris), 1.31 (br
s, 3H, NH3).13C NMR (126 MHz, MeOD-d) 6 170.7,79.1, 74.8,70.5, 70.0, 69.9, 67.9, 66.6,
59.3, 58.1, 39.3. LC-MS (ESI): [M + Na]* 403.1; FT-HRMS: calculated for Ci9H29N206
[M+H]* m/z 381.20201 Found: [M+H]* 381.2022; HPLC-ELSD: 3.29 min, purity 93 %.
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N-QSY21-2-[2-(2-ethoxiamide)ethoxy]-ethanamide, N-[2-(2-propyn-1-yloxy)-1,1-

bis[(2-propyn-1-yloxy)methyl]ethyl] (27)
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QSY21-NHS (19) (130 mg, 1 eq, 0.17 mmol) was dissolved in anhydrous DMF and amino-
3,6-dioxaoctanoic-tris(hydroxymethyl)propargyl (18, 90 mg, 1.5 eq, 0.23 mmol) was
added followed by DIPEA (100 pL, 2.5 eq, 0.42 mmol), and the reaction stirred at 50 ° C
for 6 h. Conversion was monitored by TLC and RP-HPLC. The solvent was removed in
vacuo and the mixture was purified by column chromatography (eluting with

DCM:MeOH 9:1) to give the product 27 as a dark blue film (80 mg, 45%).

1H NMR (600 MHz, Chloroform-d) 6 8.65 (br, 1H), 8.17 (d, J = 7.4 Hz, 1H, H37), 7.96 — 7.84
(m, 2H, Hss,36), 7.61 (d, J = 8.1 Hz, 1H), 7.55 (d, J = 9.3 Hz, 1H), 7.48 — 7.41 (m, 2H,), 7.38
(d, J = 7.4 Hz, 1H, Hsa), 7.36 — 7.29 (m, 1H), 7.22 (d, J = 8.0 Hz, 1H), 7.19 — 7.14 (m, 2H),
7.10 (t, J = 8.9 Hz, 1H), 6.97 (d, 1H), 6.88 (dd, J = 8.5, 2.3 Hz, 1H), 6.86 — 6.81 (m, 1H),
6.77 (t,J = 7.3 Hz, 1H), 6.40 — 6.33 (m, 1H), 6.25 ( br ,1H), 4.40 (g, J = 8.2 Hz, 1H), 4.31 (q,
J=8.2 Hz, 1H), 4.16 (dd, J = 9.2, 2.3 Hz, 6H), 4.01 —3.91 (m, 4H), 3.87 (d, J = 13.2 Hz, 6H),
3.72 -3.68 (m, 1H), 3.68 — 3.60 (m, 3H), 3.58 (t, J = 5.2 Hz, 1H), 3.55 (t, J = 6.0 Hz, 1H),
3.49 (q, J = 5.3 Hz, 1H), 3.43 (d, J = 12.1 Hz, 1H), 3.38 (q, J = 5.6 Hz, 1H), 3.33 (t, J = 7.9
Hz, 2H), 3.13 (t, J = 8.4 Hz, 3H), 3.10 — 3.03 (m, 1H), 2.65 — 2.56 (m, 1H), 2.47 (dt, J = 11.5,
2.3 Hz, 3H), 2.45-2.38 (m, 1H), 2.05-2.00 (m, 1H), 1.99 - 1.92 (m, 1H), 1.82 - 1.76 (m,
1H), 1.61 (qd, J = 12.1, 4.1 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) 6 173.9, 169.9,
157.6,152.5,151.3, 146.5, 143.9, 142.2, 136.6, 134.7, 133.9, 132.3, 131.3, 130.7, 128.4,
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127.8,127.1, 126.3, 125.2, 125.0, 119.1, 116.5, 113.9, 99.9, 79.6, 79.5, 74.8, 71.0, 70.9,
70.8,70.3,69.9, 69.8, 68.5,59.2, 59.1, 58.7, 53.2, 52.0, 45.4, 45.0, 39.2, 38.8, 37.3, 29.7.
LC-MS (ESI): [M+2H]*? 522.9.; FT-HRMS: calculated for CeoHs2NsO10S [M+H]* m/z
1044.42119 Found: [M+H]* 1044.42; MALDI-TOF MS: calculated for CeoHg2N5010S [M]*
m/z 1046.42 Found: [M]* 1046.77; HPLC-ELSD: tg 7.63 min, purity 92 %.

HNE-1F1Q (21)
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All amino acids, sulfoCy5 and QSY21 were coupled following the solid-phase coupling
procedures described above. LC-MS (ESI): [M+H]*3 799.7; FT-HRMS: Calculated m/z for
C120H151N2102653*2 [M+H]*3 Expected: 799.67716 Found: 799.67774; HPLC (650 nm): tr
of 3.9 min, purity 97 %; Blabs 640 nm (max) Bem 657 nm (max). Purification of the probe
was performed on the semi-preparative HPLC system with a gradient of 5 to 95% B over

30 min (tr = 16 min).
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HNE-1F0Q (22)
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Purification of the probe was performed on the preparative HPLC system with a gradient
of 5 to 95% B over 21 min with detection at 650 nm (tg = 12 min). LC-MS (ESI): [M+H]*?
952.8 FT-HRMS: calculated m/z for CgsHi128N220245,*? [M+H]*? Expected: 952.94654
Found: 952.44512; HPLC (650 nm, method A): tr of 3.4 min, purity 100 %; HPLC (650 nm,

method C): tg of 6.9 min Aabs 640 nm (Max) Aem 657 Nm (Max).
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Procedure for Click Chemistry:
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Cul or Cul/THPTA as catalyst

The azide-peptide 22 (3 to 5 eq, final concentration 2 to 4 mM), and alkynes 24 or 27 (1
eq, final concentration 0.7 mM) were dissolved in anhydrous DMF and a solution of Cul
(0.5 eq) or Cul/THPTA (0.5/2.5 eq, final concentration 1.4 mM/7.1 mM) added. The
reaction was allowed to proceed at 50°C overnight, under N2. Monitoring was carried
out by RP-HPLC until reaction completion. The solvent was evaporated under vacuum

and the resulting product purified by semipreparative RP-HPLC.

CuS04/THPTA/Aminoguanidine/NaAsc as catalyst

In an eppendorf, the azide-peptide 22 (4 eq, final concentration 2.8 mM), and alkynes
24 or 27 (1 eq, final concentration 0.7 mM) were dissolved in a mixture of tBu/H,0 and
a solution of premixed CuSO4/THPTA (0.5/2.5 eq, final concentration 2 mM/10 mM) was
added, followed by addition of aminoguanidine hydrochloride (final concentration 80
mM) and NaAsc (final concentration 80 mM), were added. The reaction was allowed to
proceed at 40°C overnight. Monitoring was carried out by RP-HPLC until reaction
completion. The solvent was evaporated under vacuum and the resulting product

purified by semipreparative RP-HPLC.
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HNE-3F0Q (28)
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Purification of the probe was performed on the semi-preparative HPLC system with a
gradient of 5 to 95% B over 30 min with detection at 650 nm (tg = 12.8 min). LC-MS (ESI):
[M+3H]®* 992.1; FT-HRMS: Calculated m/z for CpegH340N67075S¢ [M+2H]>*: 1190.358308
Found: 1190.356672. HPLC (650 nm, method C) tgr of 3.2 min HPLC (650 nm, method C)

tr of 6.6 min, purity 100 %; Aabs 640 nm (Max) Aem 657 Nm (Max).
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HNE-F31Q (29)

HoN YNH

Purification of the probe was performed on the semi-preparative HPLC system with a
gradient of 5 to 95% B over 30 min with detection at 650 nm (tg = 15 min). LC-MS (ESI):
[M+2H]®* 1126.9; FT-HRMS: Calculated m/z for CsisHa3sN71082S7 [M+H]>* Expected:
1352.21737 Found: 1352.22055; HPLC (650 nm, method C): tgr of 8.5 min, purity 98 %;

Aabs 640 nm (max) Aem 657 Nm (max).
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Azide peptide for model reaction (30)
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LC-MS (ESI): [M+H]* 1774.6; HPLC (495 nm, method C): tr of 13.2 min; Aabs 490 nm (max)

Aem 520 nm (max).

Tribranched peptide from model reaction (31)
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MALDI-TOF MS: Cy71H332N55065 [M+3H]3* Expected: 1853.130927 Found: 1853.123866;

HPLC (495 nm, method C): tr of 14.0 min; Aabs 490 nm (max) Aem 520 nm (max).
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BODIPY-NHS (37)

BODIPY (140 mg, 0.38 mmol, 1 eq ), EDC HCI (160 mg, 0.83 mmol, 2.2 eq), NHS (95.5
mg, 0.83 mmol, 2.2 eq ) were dissolved in DCM (90 mL), and the reaction mixture was
stirred overnight under N». The solvent was evaporated in vacuo and the crude purified
by column chromatography (eluting with DCM: MeOH, 95:5). The data were in good

agreement with the literature. 1%2

1H NMR (500 MHz, Chloroform-d) 6 8.27 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 6.01
(s, 2H), 2.94 (s, 4H), 2.56 (s, 6H), 1.38 (s, 6H). LC-MS (ESI): [M+H]* 466.1; HPLC-ELSD:

5.79, purity 89.33 % Data were in good agreement with the literature.

Procedure for BODIPY-NHS (37) attachment: The crude peptide, carrying a free amino
group, was dissolved in anhydrous DMF (1 eq, 10 mM), DIPEA (1 eq, 10 mM) was added,
followed by the addition of BODIPY-NHS (1.5 eq, 15 mM). The reaction was stirred
overnight at 40 °C under N;. The solvent was removed in vacuo and the mixture washed
with cold ether to remove excess/unreacted BODIPY. The resulting product was either
purified by semi-preparative HPLC or used without further purification in subsequent

reactions.
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CatD-P1 (33)
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All amino acids were coupled following the solid-phase coupling procedures described

above. The BODIPY was coupled as described above.
LC-MS (ESI): [M+3H]3* 563.3; FT-HRMS: Calculated m/z for CgeH114BF2N19014* [M+H]*
Expected: 1685.88073 Found: 1685.87628 . HPLC (495 nm): tg of 4.9 min; Aabs 500 nm

(max) Aem 520 nm (max).

CatD-P2 (34)

All amino acids and bis-ethylene glycol residues were coupled following the solid-phase

coupling procedures described above. BODIPY was coupled as described above.

LC-MS (ESI) [M+2H]?* 1060.5; MALDI-TOF MS: m/z expected: 2121.104; found:

2121.302; HPLC (495 nm, method B): tr of 6.7 min, purity 98 %; Aabs 500 nm (max) Aem

520 nm (max).
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Azide-BODIPY-peptide (35)

H,N NH

All amino acids, including Fmoc-Lys(MR)-OH and Fmoc-Lys(N3)-OH and bis-polyethylene
glycol residues were coupled following the solid phase coupling procedure described

above, BODIPY-NHS was coupled as described above.
LC-MS (ESI) [M+2H]?*: 655.4 FT-HRMS: Calculated m/z for CosH133B1N24F4015 [M+H]*

Expected: 1985.0401 Found: 1985.0386. HPLC-UV (495 nm): tr of 5.1 min, purity 100 %;
Aabs 500 nm (max) Aem 520 nm (max)
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CatD-P3 (36)

Azide-peptide 35 (19 mg, 1.5 eq, 16 mM), was dissolved in anhydrous DMF and alkyne-
PEG(5K)-OMe (38 mg, 1 eq, 15 mM) was added, followed by a pre-mixed solution of
Cul/THPTA (0.5/2.5 eq, final concentration 2 mM/10 mM). The reaction was allowed to
proceed at 50°C overnight, under a N2 atmosphere. Monitoring was done by HPLC until
completion. The solvent was evaporated under vacuum and the resulting product

purified by semipreparative HPLC.

HPLC-UV (495 nm): tr of 4.6 min, purity 100 % Aabs 500 nm (max) Aem 520 nm (max).
MALDI-TOF MS: calculated m/z for CsoHseaBF2N240133* [M+H]* 7059.051 found
7059.070 (for n=114)

Intens. 0_P12\2: +MS, Smoothed (0.17,1,GA)
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Figure 94 Pure probe CatD-P3. HPLC (495 nm) trace and MALDI-TOF MS spectrum.

Experimental Procedures -195 -



Biological evaluation

For experiments using human neutrophil elastase, Cathepsin G or Proteinase 3 (Athenas
Research and Technology or Enzo) were performed in 50 mM HEPES buffer, pH 7.4, 0.75
M NacCl, 0.05% lIgepal CA-630 (v/v). Experiments using CatD or E were done in the
reaction buffer with composition 50 mM NaOAc, pH 4.5 while for Cathepsin B, the
reaction buffer was 50mM NaOAc, pH 5.5, EDTA 1 mM, 4 mM Cys. Activity of purchased
proteases was tested when appropriate, using commercial substrates AAPV-pNA (for
hNE and Proteinase 3), AAPF-pNA (for Cathepsin G), FR-pNA (Cathepsin B) following the

protocols provided.

e Plate reader experiments

Probes were incubated with proteases in the appropriate reaction buffer in a final
volume of 50 pL in a 96-well plate (Life Technologies). The time-dependent increase in
fluorescence was monitored over 1.5 h using a fluorescence microplate reader (Biotek
Synergy HT multi-mode reader) at 37°C. Buffer, enzymes and inhibitor where
appropriate were incubated in the wells for 30 min at 37°C before adding the probe.
Readings were taken immediately after addition of the probe every 30 seconds and the
plate was shaken for 1 to 10 seconds before the start of the readings. Data was
normalised to buffer alone and the fold-change in signal (Relative Fluorescent Units)
compared to enzyme-free controls was calculated. Data was plotted using Prism5

(GraphPad Software Inc., La Jolla, CA, USA).

e Absorbance spectrum
Probes were incubated in the appropriate in a final volume of 50 pL in a 96-well plate
(Life Technologies) and absorbance was measured across the wavelength spectrum

range 300 to 700 nm.

e Fluorometric experiments

Probes were incubated with or without protease, in reaction in a final volume of 150 pL
in a quartz cuvette. Emission spectrum readings were recorded in a spectrofluorimetric
range from 500 to 700 nm after 40 min incubation, with the appropriate excitation

wavelength.
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e Effect of pH on fluorescence signal.

A stock of cleaved and uncleaved probes was generated by incubating the probe with or
without hNE respectively, in reaction buffer in a final volume of 200 uL for 1.5 h. Intact

or cleaved probe solutions were added to different pH buffers (4, 5.5, 7.4 and 8.5).

o Effect of different biological microenvironments on the fluorescence signal.

The effect of different biological microenvironment on the fluorescence signal was
evaluated by incubating intact cleaved probes in reaction buffer (control), complete cell
media, 10% Fetal Bovine Serum (FBS) or Hela cell lysate and incubated for 2 h at 37°Cin
a final volume of 50 uL. Fluorescence intensities were read using a fluorescence

microplate reader.

Fort the Hela cell lysate, trypsin (x 10, 1 mL) was added to a culture of adhered Hela
cells 100% confluent cells and incubated for 5 min at 37°C, detachment of the cells was
monitored by microscopic observations. Complete cell media was added (4 mL) and the
resulting suspension transferred into a 50 mL falcon tube and spun down at 350 g for 5
min. The resulting pellet was washed with water three times. Cells were resuspended in
sterile water (5 mL) and incubated for 30 min at 37°C. The resulting lysate was spun

down at 13000 g for 10 min and the supernatant collected was used immediately.
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e Probe’s kinetic parameters determination (Km, Keat, Kcat/Km)

General procedure: Proteases (hNE or CD) were added to solutions of increasing
concentrations of the probes in a 96-well plate (n=3) and fluorescence intensity values
monitored every 30 second or 1 min recorded on a Biotek Synergy HT multi-mode
reader. Control samples (n=3) had the same composition but no enzyme, control RFU
values were either subtracted or used as t = 0. The fluorescence intensity values were
plotted against time (min) to obtain initial velocity values (Vo) on the first 5, 10 or 15 min
of reaction (where best fit r?>0.95). Velocity units (RFU/s) were converted to M/s by the
factor[P]/RFUmax. Eadie-Hofstee and or Lineweaver Burk plots were built (when possible)

to obtain values of Km, Vimaxand keat/Km.
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Figure 95. Kinetic parameter determination for linear NIR FRET probe HNE-1F1Q (21). a) the table shows
the initial velocities obtained at increasing concentrations of probe at a constant concentration of enzyme
of 100 nM. b) Normalisation factor ([P]/RFUmax) was obtained from the activation profile of the probe at
5 uM, where RFUmax was 249.3. c) Initial velocity plots at increasing concentrations of the HNE-1F1Q. d)
Eadie-Hofstee plot provided a Km value of 29 uM and a turnover number (kcat) of 0.04 s, Values of
fluorescence were obtained with a Biotek Synergy HT multi-mode reader with 30 seconds intervals during

15 min, Aex = 640/10, Aem = 680/20 (with a fluorescence gain of 50).
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Figure 96. Kinetic parameter determination for NIR probe HNE-3F0Q (28). a) the table shows the initial

velocities obtained at increasing concentrations of probe at a constant concentration of hNE at 10 nM. b)

Normalisation factor ([P]/RFUmax) was obtained from the activation profile of the probe at 5 uM, where

RFUmax was 1484. c) Initial velocity plots at increasing concentrations of the HNE-3F0Q. d) Eadie-Hofstee

plot provided a Km value of 3.8 uM and a turnover number (kcat) of 0.51 s, Values of fluorescence were

obtained with a Biotek Synergy HT multi-mode reader with 1 min intervals during 5 min, Aex = 640/10, Aem

=680/20 (with a fluorescence gain 50).
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Figure 97. Kinetic parameter determination for NIR probe HNE-3F1Q (29). a) the table shows the initial
velocities obtained at increasing concentrations of probe at a constant concentration of enzyme of
100 nM. b) Normalisation factor ([P]/RFUmax) was obtained from the activation profile of the probe at 7
UM, where RFUmax was 1484. Values of fluorescence were obtained with a Biotek Synergy HT multi-mode

reader, with 1 min intervals during 10 min and Aex = 640/10, Aem = 680/20 (with a fluorescence gain 35).
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Figure 98 Kinetic parameter determination for linear CatD-P3 probe (36). a) the table shows the initial
velocities obtained at increasing concentrations of probe at a constant concentration of enzyme of 10 nM.
b) Normalisation factor ([P]/RFUmax) was obtained from the activation profile of the probe at 5 uM, where
RFUmax was 1484. c) Initial velocity plots, fluorescence increase over the first ten min of reaction. Values
of fluorescence were obtained with a Biotek Synergy HT multi-mode reader, with 1 min intervals during 5

min and Aex = 485/20, Aem = 528/20 (with a fluorescence gain 50).
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e Calibration curves for concentration calculations

NES (2) and HNE-FQ (11) contain three FRET-pairs (FAM/MR) per molecule. The
absorbance spectrum of the probes and free fluorophores/quenchers showed
comparable absorbance, with a maximum absorbance at 495 nm. A calibration curve
using FAM or FAM/MR at 0 to 375 uM (n = 3) was built. When calculating the
concentration, the obtained value from the calibration curve was divided by three to get

the concentration of the probe (since three FRET-pairs are contained per probe).
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Figure 99 . calibration curve for concentration calculation of probes NES (2) and HNE-FQ (11). Increasing
concentrations of a 1:1 solution of 5-FAM/MR were plotted against absorbance. Solutions (50 ulL) of the
increasing concentrations were added to a 96-well plate and 490 nm absorbance values were obtained

using a plate reader (Biotek HT Synergy). n=3.

The NIR probes HNE-1F1Q (21), HNE-3F0Q (28) and HNE-3F1Q (29) contain different
rations of dyes per molecule. Comparable maximum absorbance was at 640 nm in
probes and dyes. Calibration curves were built using a solution of sCy5 only, or a mixture

of 1:1 or 3:1 sCy5/QSY21, in the range of concentrations from 0 to 150 uM (n = 3).
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Figure 100 . Calibration curve for concentration calculation of probes HNE-1F1Q (21), HNE-3F0Q (28) and
HNE-3F1Q (29). Increasing concentrations of a 1:0, 1:1 or 3:1 solution of sCy5/QSY21 were plotted against
absorbance. Solutions (50 pL) of the increasing concentrations were added to a 96-well plate and 647 nm

absorbance values were obtained using a plate reader (Biotek HT Synergy). n=3.

The corresponding BODIPY/MR calibration curve was built using a similar procedure, for

calculation of concentrations in probes CatD-P1 (33), CatD-P2 (34) and CatD-P3 (36).

BODIPY/MR
0.7

0.6
0.5

y = 0.0056x + 0.0348
R?=0.9976
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Figure 101 . Calibration curve for concentration calculation of probes CatD-P1 (33), CatD-P2 (34) and
CatD-P3 (36). Increasing concentrations of a 1:1 solution of BODIPY/MR were plotted against absorbance.
Solutions (50 pL) of the increasing concentrations were added to a 96-well plate and 500 nm absorbance

values were obtained using a plate reader (Biotek HT Synergy). n=3.
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e HL-60 differentiation and fluorescence microscopy of activated neutrophils and

NETs - Gloria Garoffolo.

HL-60 cells were grown in RPMI-1640 medium with 10% FBS at 37°C in a humidified
atmosphere (95% air, 5% CO>). Cells, at the density of 2 x 10°/mL, were treated with all-
trans retinoic acid (ATRA) (2 uM) for 5 days to induce neutrophil-like differentiation.
Differentiation into neutrophils was assessed by an NBT assay. After 3 h of incubation,
NBT (1 mM) was dissolved in 90% (v/v) DMSO, 0.1% (v/v) SDS and optical density (550
nm) was measured using an Infinite M200 PRO reader (Tecan). NET formation was
monitored by SYTOX Orange quantification. In brief, after PMA treatment, cells were
collected and incubated with micrococcal nuclease* (0.5 U/ml) for 10 min at 37°C. EDTA
(5 mM) was used to stop the reaction. Finally, supernatants containing NET-associated
DNA were incubated with SYTOX Orange (5 uM) for 15 min at room temperature and
fluorescence intensities were read using Infinite M200 PRO reader. Imaging of HL-60
NETS was performed with a Zeiss LSM710 confocal microscope, using cells cultured into

chambered glass coverslips.
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Figure 102 Quantification of HL-60 cell line differentiation into neutrophils and neutrophil activation as
detected by nitro-blue tetrazolium (NBT, 1 mM) * indicates P < 0.05 by paired Student’s t-test (n=6 for
NBT). Data by G. Garoffolo
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e Primary human neutrophils and fluorescence microscopy. IL-8 exposure and

Ladaraxin - Gloria Garoffolo.

Human neutrophils were isolated from whole blood, after platelet-rich plasma
separation, by dextran sedimentation and Ficoll-Paque density gradient, as previously
described. 202 Neutrophils were resuspended in RPMI-1640 medium with 10% FBS and
seeded into p-Slide 8 well (ibidi) coated with Poly-D-lysine (100 pg/mL). After 1 h
adhesion at 37°C in a humidified atmosphere (95% air, 5% CO.), cells were stimulated
with IL-8 (100 ng/mL), with or without pre-treatment with Ladaraxin (160 uM) for 30
min, or PMA (25 nM) for 120 and 240 min in the presence of HNE-FQ probe (5 uM). After
treatment, neutrophils were incubated with SYTOX Orange (5 uM) for 15 min and fixed
with 4% PFA for fluorescence imaging. Image acquisition was performed with a Zeiss
LSM710 confocal microscope, while fluorescent cells were quantified using and Image)

software.

e Flow cytometry method HL-60 differentiated neutrophils — Gloria Garoffolo

Differentiated HL-60 cells were treated with phorbol 12-myristate 13-acetate (PMA; 100
nM) and the probe (5 uM) for 3 h. Cell suspensions were then incubated with an
allophycocyanin-conjugated antibody against CD11b and the corresponding Isotype
antibody (all from BD Bioscience) for 15 min at room temperature in the dark. Data were
acquired with FACS Aria flow cytometry (BD Biosciences) and analysed with flow

cytometric sorting Diva software (BD Biosciences).

e Flow cytometry method primary human neutrophils — Giulia Rinaldi

5 x 10° neutrophils were cultured in Eppendorf in RPMI + 5% FBS +/- stimulators and
inhibitors for 30 min and/or 3 h and stained with HNE-FQ (5 uM). Cells were treated with

phorbol 12-myristate 13-acetate (PMA; 10 nM), FMLf (10 uM) or calcium ionophore
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A23187 (10 uM) for 3 h, in presence or absence of inhibitors Sivelestat (10 uM), DPI
(10 uM) or Ro 31-8220 (1 uM). Cell suspensions were then incubated with a
fluorochrome-conjugated antibody against Histone 1 (H1-DNA-Pacific Blue-H) or
Histone 2 (H2A-647-H). Data were acquired with NovoCyte flow cytometer and analysed
with NovoExpress software. A representative example of the relevant gating of
neutrophils can be found below, corresponding to the gating used for flow cytometry

analysis in Figure 103.

CONTROL PMA
T T ]
T s 2 T s
< 2 < g
= =t $ =]
b4 * S
< N < o
o~ e =21 o~
T = T =
= ®
10'® 10* 10* 10° 10%% Bm" 0 0t 100 10%* 10°° 10 w0t 10 105 E‘.a" 10* w0t 10? 10%*
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Figure 103. Representative flow cytometry gates on primary neutrophils incubated with the HNE-FQ
(5 uM). Control: untreated neutrophils. PMA: neutrophils exposed to PMA (10 nM) for 3 h. PMA + Ro 31-
88220: neutrophils exposed to PMA (10 nM) for 3 h and with inhibitor Ro 31-8220 (1 uM). PMA + DPI:
neutrophils exposed to PMA (10 nM) for 3 h and with inhibitor DPI (10 uM). Giulia Rinaldi
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e Confocal images of NETosis in primary human neutrophils — Giulia Rinaldi

Neutrophils from healthy volunteers were isolated using a protocol approved by the
Accredited Medical Regional Ethics Committee (AMREC, reference number 15-HV-013)°,
(5 x 10%) and NES (5 uM) or HNE-FQ (5 uM) were cultured in RPMI media with 5% FBS
media and stimulated with PMA (10 nM), FMLf (10 uM) or calcium ionophore A23187
(10 uM) in monolayer in an ibidi u-Slide 8 well (3 h, 37°C, 5% CO;) or in chamber slides.
After culture, media was removed and live cells were taken forward or fixed with 2%
PFA (30 min, RT) and washed with PBS. Cells were then stained with SYTOX orange
(1 uM) to stain extracellular DNA and Hoechst 33342 (100 nM) to stain the nuclei (30
min, RT, protected from light). The cells were imaged on a well plate or in the cell
chamber, where deconstructed following manufacturer instructions and coverslip was
mounted with ProlLong Gold Antifade mounting media. NETs were imaged using

Confocal Leica SP8 microscope or EVOS FL AUTO2 Cell Imaging System.

e Fluorescence Lifetime measurements - Caitlin Tye and Mike Tanner

A 485 nm pulsed laser diode (LDH-D-C-485 with PDL 800-D driver, PicoQuant, Berlin,
Germany) capable of pulsed or continuous wave (CW) operation was used for excitation
and coupled into the coupling-and-collection optical system based around a dichroic
beam splitter (Thorlabs, Ely, UK). For the steady state setup, the laser was operated in
CW mode, triggered to operate for 100 ms at 10 uW, and the spectra recorded with a
simultaneously triggered commercial spectrometer (QE-Pro VIS, Ocean Optics now
Ocean Insight, Largo, FL, USA). For time-resolved measurements the laser was operated
in pulsed mode at 20 MHz repetition rate. The time-resolved spectrometer was based
on a 256 x 1 pixels complementary metal—-oxide—semiconductor (CMOS) single-photon
avalanche diode (SPAD) line sensor which allows fast histogramming of arriving photons
with time-correlation single photon counting (TCSPC) triggered by the laser source. The
TCSPC capable CMOS SPAD line sensor detects single photons and generates histograms

according to their arrival time for 256 pixels simultaneously, each correlated to a
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different wavelength. An average power of 2 uW was used with an integration time of
10 s to ensure a single-photon regime, avoiding pile-up effects, and recording sufficient

signal (photons) for a quantitative analysis.

CMOS SPAD
line sensor $
fime proximal end
_ Laser sampling of
the 19 cores
distal end
sampling

delivery optical
fibres

AR

triggering
unit

steady-state
spectrometer

Figure 104. Scheme of work for fluorescence lifetime imaging.

e Confocal images of human macrophages — Brian Mcugh

Human Monocyte-derived macrophages (MDM) were matured in 24-well Corning tissue
culture plates over 14 days from Peripheral Blood Mononuclear cells obtained from
healthy volunteers under Ethic approval (CIR 20-HV-069). Following maturation, MDM
were removed from wells by treatment with accutase (BioLegend) and re-seeded onto
iBidi 8-well chamber slides for microscopy. MDM were challenged with S. pneumoniae
strain D39 (MOI 10) for a total of 10 h, with external bacteria being removed by washing
after 4 h of initial phagocytosis. After removal of external bacteria, Cat D probe was
incubated with the cells at 10uM final concentration for the remaining time. At 10 h,
MDM were fixed in 2% paraformaldehyde for 20 min at room temperature, followed by
3x washes in PBS. DAPI was added in the 2" PBS wash for 10 min, at a concentration of
0.1pg/ml to counterstain cell nuclei. Slides were imaged on a Leica SP5 confocal
microscope with a 63x objective, with Cat D probe imaged at 488nm wavelength and

DAPI imaged at 405 nm.
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Appendix — probes characterisation
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FT-HRMS: Calculated m/z for CaesHa00N67075Ses [M+2H]>*: 1190.358308 Found: 1190.356672
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LC-MS : Found m/z [M+H]* : 992.2

MS Spectrum
*MSD1 SPC, time=7.674:7.834 of CA\CHEM32\1\DATA\SEP2020\NEW-LCMS 2020-10-01 34458\071-0101.D ES-API, Pos, Scan, Frag
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HPLC ELSD (Method C, 650 nm): r; : 6.6 min

Current Chromatogram(s)

MWD1 D, Sig=650,8 Ref=off (C\CHEM32\1\DATA\JUNE2021\ELSD 2021-06-30 14095\093-0101.D)
mAU 1

6.636

500

400 -

200

100




HNE-F31Q

HANNH
0<_OH HN
N o—
N
o Q

H H H ~J—/

N
NN
NJLN NY‘KHN/\/O\AO N

o O CONH,

Chemical Formula: Cq5H443N710g2S7**
Molecular Weight: 6760.84

FT-HRMS: Calculated m/z for C31sHaa3N710s2S7 [M+H]>* Expected: 1352.21737 Found: 1352.22055.

MR90-1 HRMS.d: +MS
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LC-MS : m/z [M+H]** 1126.9 HPLC ELSD (Method C, 650 nm) : r; 8.5 min

MS Spectrum

“MSD1 SPC, time=10,306:10.538 of C:\CHEM32\1\DATAJUNEZ02 \NEW-LCMS 2021-06-30 351021093-0501.0 ES-API, Pos, Scan, Current Chromatogram(s)
> MWD1 D, Sig=650.8 Ref=off (C\CHEMaZ\I\DATAWUNEZ021\ELSD 2021-06-30 14095\005-0301.D)
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CatD-P1

Chemical Formula: 085H11zBF2N1gO14
Molecular Weight: 1684.77

FT-HRMS: Calculated m/z for CssH112BF2N19014 [M+H]* Expected: 1685.87628 Found: 1685.88073
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LC-MS : m/z [M+H]* 871.0

MSD1 SPC, time=0.138:9.567 of C:\CHEM32\1\DATAMAR2022\NEW-LCMS 2022-03-09 35436\009-0201.0 ES-API, Pos, Scan, Frag
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HPLC ELSD (Method A, 495 nm) : r¢ 4.9 min
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CatD-P2
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Chemical Formula: C4g4H145BF2N2,053
Molecular Weight: 2120.24
MALDI-TOF MS: m/z expected: 2121.104; found: 2121.302
lﬂle[f;s]* 0_N22\1: +MS
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HPLC UV (Method B, 495 nm) : r; 6.8 min LC-MS : m/z [M+3H]3**: 707.5

MS Spectrum

Current C matogram(s)
MWD1 E, Sig=435.E Ref=360,100 (CICHEM3Z\NDATAWPR2022ELSD 2022-04-26 14845'061-1601.0)

"MSD 1 SPC. time=08.437-7 455 of CA\CHEM3Z\1\DATAAPR 2022\NEW-LCMS 2022-04-12 35528\071-0101.0 ES-API. Pos, Scan, Frag
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BODIPY-peptide
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Chemical Formula: CggH133BF,N2404g
Molecular Weight: 1984.10

FT-HRMS: Calculated m/z for CosH133B1N24F4018 [M+H]* Expected: 1985.0401 Found: 1985.0386.
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LC-MS : m/z [M+2H]?** : 992.5

MS Spectrum
"MSD1 SPC, lime=5.880.5.966 of C.\CHEM3Z\T\DATAIOCT 2021'NEW-LCMS 2021-11-01 352581002-0101.0  ES-API, Pos, Scan, Fra
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HPLC UV (Method A, 495 nm) : r; 5.1 min
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Intens. [a.u.]
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HPLC (Method A at 495 nm or ELSD) : r; 4.6 min
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