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Inhibitors of endosomal/lysosomal enzymes

Field of the Invention

The present invention relates to a multi-functional protease inhibitor, which may
be conjugated to various molecules. The present invention also relates to uses of the

protease inhibitor and conjugates thereof.

Background to the Invention

Protease inhibitors have emerged as a powerful drug class’. They include the inhibitors
of angiotensin converting enzyme, inhibitors of HIV proteases and proteasomal
inhibitors such as Bortezomib (Velcade) used to treat muiltiple myeloma?Z.

The proteases of the endo-lysosomal pathway have frequently been proposed as
therapeutic targets as they play important roles in the regulation of a wide variety of
biological systemsa. For example, lysosomal cysteine and aspartyl proteases are
validated drug targets in several trypanosome species® and the upregulation of certain
endosomal proteases is associated with increased malignancy’. Asparagine
endopeptidase (AEP or legumain) has also been implicated in the progression of
malignant melanoma®, in the destruction of the therapeutic drug l-asparaginase and in
neuroexitotoxity’. Down-regulation of cystatins, which are natural cysteine protease
inhibitors, can lead to increased malignancy® and faulty immune responses®. High
expression of Cathepsin D (Cat D) in non-Hodgkin’s lymphoma has alsc been
associated with increased malignancy'® and is also associated with poor prognosis in
breast cancer’’. A further potential therapeutic application of endosomal protease
inhibitors would be immune modulation since several recent studies demonstrate that
the proteolytic activity in endosomes of antigen presenting cells may be too high
leading to antigen destruction and inefficient presentation to T-cells. Consequenvt‘lyf, )

protease resistant antigens often elicit more robust immune responses'?".

Taken together, it seems that effective down-modulators of endo/lysosomal protease
activity could be a valuable addition to the therapeutic armoury. However, to date
modulation of endo/lysosomal protease function has remained challenging, as there

are multiple families of endosomal proteases with an extensive functional

CONFIRMATION COPY
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redundancy'. As an additional problem, there is evidence in the literature that the

knock-down/inhibition of specific proteases leads to the upregulation of others® '°.

Most endosomal proteases belong to 3 distinct families: There are several papain-like
cysteine proteases (PLCPs), including cathepsin L,S,B,C and several others'®.
Alongside these there are the asparty! proteases related to pepsin; cathepsins D and
E. Finally, there is an additional cysteine protease termed asparaginy! endopeptidase
(AEP) or legumain which is more closely related to the caspases'’. Each of these 3
classes can be inhibited by distinct and non-overlapping small molecule inhibitors'®, but
in vivo inhibition, or knock-out, of these proteases frequently shows limited or no
phenotype most likely due to functional redundancy. We thus postulated that inhibiting
all three families of endosomal proteases in an endosome-specific manner would

provide a powerful tool for modulating endo/lysosomal function.

PLCPs and AEP are potently inhibited by a naturally occurring 14 kDa protein,
cystatin C. The cystatins are a family of small proteins, that inhibit PLCPs with sub-
nanomolar affinity”®. They are present in the bloodstream and are believed to play a
role in the mopping up of proteases released during physiological and pathological
responses. Importantly cystatin C, as well as several family members, inhibit AEP via a
distinct binding site with a Ki of 0.20 nM?® (Figure 1). cystatin C thus represents an

excellent scaffold for the synthesis of a pan-endosomal protease inhibitor.

Cathepsin D and E, the endosomal aspartyl proteases are inhibited with a Kj of
0.1 nM by pepstatin A?', an isopeptide first isolated from Actinomyces. lts major
drawback is its virtual insolubility in aqueous media®'. Nonetheless it is still widely
used even in cell based assays because more soluble alternatives are not readily
available. Several attempts have been made to address this problem, such as
conjugating pepstatin A to asialoglycoprotein(ASGP)?, or to poly(ethylene glycol)*, or
more recently to directly mannosylate it, or conjugate it to mannosylated bovine serum
albumin®. PEG-ylation of Pepstatin reduces its inhibitory potential 400-fold, and
conjugating to mannosylated BSA-reduces the Ki 10-fold, whereas conjugation to
ASGP renders pepstatin inactive until the protein backbone is digested. Conjugation of
pepstatin to peptides or fluorescent moieties did not significantly alter its inhibitory

potential®.
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Summary of the Invention

The present invention is based in part on the provision of a cysteine protease
inhibitor/aspartyl protease inhibitor conjugate, which displays multi-functional protease
inhibition activity.

Thus, in a first aspect there is provided a multi-functional protease inhibitor
comprising a cystatin/pepstatin A conjugate.

The present inventors have observed that it is possible through conjugating
pepstatin A (which on its own is very insoluble) to a cystatin, such as cystatin C, to form
a highly water-soluble molecule. Moreover, such a conjugate displays inhibitory activity
against at least two of the following classes of proteases: cysteine proteinases, aspartyl
proteinases; and/or asparaginyl endopeptidases (AEP).

it will be appreciated that various physiologically acceptable salts, solvates,
esters, amides or other physiologically functional derivative thereof of the conjugates
described herein, may also be suitable and the skilled addressee is aware how such

molecules may be prepared.

Thus, the term muiti-functional is understood to mean that the conjugates of the
present invention have an inhibitory activity against at least two enzymatically distinct
proteases, such as at one cysteine proteinase, and one aspartyl proteinase and/or
asparaginyl endopeptidase, with inhibitory constants of smaller than 10 uM  The
cystatins have evolved to inhibit multiple cysteine proteases thus while only one
protease molecule (and one AEP) can be engaged at any one time, they are broadly

suppressive of this class of proteases.

Advantageously, the present inventors have been able to provide conjugates which are
significantly soluble in aqueous solution with solubility greater than 50 nM, but typically
greater than 500nM, such as in the order of 1 uM in aqueous buffer in the pH range of
3 ~ 10, such as 4 - 8, or water itself. This may be achieved by incorporation of a
pepﬁde moiety between the cystatin molecule and pepstatin A. Typically any
solubilising peptide may be 2 to 30 amino acids in length and should be sufficiently

hydrophilic to solubilise hydrophobic inhibitor components. As well as facilitating
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solubilisation, the peptide may also allow for the conjugate to be targeted to desired
tissues, cells and the like. In this manner the peptide itself may conventionally be a
targeting peptide known in the art, or the peptide may be capable, through further
modification, of incorporating one or more targeting moieties. Typically, the peptide
moiety is >4 amino acid residues long and contains at least 2 amino acids with side
chains that possess charges at neutral pH, and/or have hydrophilic and/or polar side
chains. Preferably the peptide may comprise one or more amino acid residues that do
not affect the ability of the conjugate to inhibit proteases, for example amino acids that
possess negative charges at neutral pH, or those possessing hydroxyl or carboxylic

acid side chains.

Unnatural amino acids, for example those that carry azido or alkyne functionality in
their side chain may be employed, such as those that can be further modified by
additional chemical or enzymatic reactions, for example by copper-catalyzed Huisgen
cyclo-addition reactions or using sortase enzymes®. Reactive side chains on the
peptides and/or modified residues may facilitate co-conjugation of the inhibitor to
another moiety, such as a targeting protein, thereby facilitating the delivery to specific
cell types and tissues (see text and Figure 8, for example, for further details).

A specific example of a solubilising tag is the FLAG-tag?’, but other peptides can be

used.

Typically, conjugation of cystatin to pepstatin A may be through a cysteine present on
the cystatin molecule, or the cystatin may be modified, through mutagenesis
techniques known to the skilled addressee, in order to introduce a cysteine moiety
which is capable of facilitating conjugation to pepstatin A, optionally via a solubilising
peptide. Modification throug'h lysines, or through unnatural amino acids introduced by
methods known to the skilled addressee are also possible?®. The skilled addressee is
able to determine which residues may be appropriate whilst ensuring that protease
inhibitory activity of the cystatin molecule will remain substantially unchanged, by
biochemical means, or by comparing sequence analogies to known cystatins, or by
determining location of the inhibitory motifs and of the chosen residues in a protein X-
ray crystal structure. In a preferred embodiment, the cystatin is cystatin C and a
preferred residue to allow conjugation of pepstatin A is threonine 102, or arginine 77, or
Leucine 117, as numbered according to GenBank: CAA36497.1, which may be
replaced with a cysteine residue, which is subsequently capable of reaction, so as to

allow conjugation to pepstatin A, preferably via a solubilising peptide. Modification of
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the identified residue may be carried out, through site directed mutagenesis, for
example, in order to replace the residue with a more reactive residue, such as a

cysteine or azidohomoalanine, which allows conjugation to pepstatin A,

Also mutants and other cystatin family inhibitors can also be used that have different
inhibitory profiles for the different proteases. For example binding regions of cystatin C
can be mutated so that the inhibition of specific proteases or families is reduced or
altered®. Further, the latent cystatin, cystatin F can also be used whose PLCP
reactivity is only revealed (by dimer to monomer conversion) following uptake into

cells®.

In a second aspect the present invention provides a pharmaceutical composition
comprising a protease inhibitor conjugate molecule of the present invention, together

with a pharmaceutically acceptable carrier therefore.

Viewed from a third aspect, the invention provides a conjugate or formulation of the
first or second aspect, or physiologically acceptable salt, solvate, ester, amide or other

physiologically functional derivative thereof, for use in medicine.

Viewed from a further aspect, the invention provides a conjugate of the invention, or
physiologically acceptable salt, solvate, ester, amide or other physiologically functional
derivative thereof, for the treatment or prophylaxis of a disease, particularly where it is
desirable to inhibit proteases which may be associated with a particular disease or
where there inhibition may facilitate the treatment of a disease. Such diseases may
include cancer, inflammatory disease, autoimmune diseases, parasitic disease e.g
Trypanosomiasis and relevant lysosomal storage diseases, such as galactosialidosis,

Gaucher's disease®, and others.

Viewed from a further aspect, the invention provides a method of treatment or
prophylaxis of a disease/condition associated with protease expression and/or function
said method comprising administering a therapeutically or prophylactically useful
amount of a conjugate of the invention, or physiologically acceptable salt, solvate,
ester, amide or other physiologically functional derivative thereof, or a pharmaceutical
formulation of the present invention, to a subject in need thereof.
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Viewed from a further aspect, the invention provides use of a conjugate of the
invention, or physiologically acceptable salt, solvate, ester, amide or other
physiologically functional derivative thereof, in the manufacture of a medicament for

use in any treatment or prophylaxis as defined herein.

Viewed from a further aspect the conjugates/inhibitors of the invention may be used to
enhance the performance of vaccines specifically by attenuating their known tendency
to be unproductively or destructively processed (references 12 & 13). Thus the
conjugates of the invention may also be administered in conjunction with other agents,
such as other therapeutic agents or may be a component of a vaccine and
administered in conjunction with immunogenic agents. Examples of such other
therapeutic agents include subunit or peptide vaccines with appropriate adjuvants,
such as solid phase or emulsion carriers, immune system adjuvants and other agents
to improve the vaccine response. The conjugate can also be added to live cell
vaccines for the aim of improving the efficacy thereof. For the case of active
conjugates combined with other therapies the two or more treatments may be given
individually varying dose schedules andf/or via different routes. Admixtures of the
conjugate and vaccine protein optionally also with adjuvant can be co-encapsulated for
example in PLGA microspheres, liposomes or other carriers for delivery purposes.

In a further aspect, taking advantage of the inhibitor's demonstrated ability to boost
growth factor receptor signalling and attenuate the down-regulation of the same (see
Figs 5a & 5b), the inhibitor when administered topically in combination with growth
factors, such as, but not limited to EGF, may aid the natural process of wound healing.

The combination of a therapeutic or prophylactic agent with a conjugate of the present
invention would be at the discretion of the physician who would select dosages using
his common general knowledge and dosing regimens known to a skilled practitioner.

Where a conjugate of the invention is administered in combination therapy with one,
two, three, four or more, preferably one or two, preferably one other
therapeutic/prophylactic agents, the components can be administered simultaneously
or sequentially. When administered sequentially, they can be administered at closely
spaced intervals (for example over a period of 5-10 minutes) or at longer intervals (for

example 1, 2, 3, 4 or more hours apart, or even longer period apart where required),
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the precise dosage regimen being commensurate with the properties of the therapeutic

agent(s).
The patient is typically an animal, e.g. a mammal, especially a human.

By a therapeutically or prophylactically effective amount is meant one capable of
achieving the desired response, and will be adjudged, typically, by a medical
practitioner. The amount required will depend upon one or more of at least the active
conjugate(s) concerned, the patient, the condition it is desired to treat or prevent and
the formulation of order of from 1 pg to 1 g of conjugate per kg of body weight of the

patient being treated.

Different dosing regiments may likewise be administered, again typically at the
discretion of the medical practitioner. As alluded to hereinafter the low toxicity of the
compounds of the invention and their targetability to specific cell types, allow for at
least daily administration although regimes where the compound(s) is (or are)
administered more infrequently, e.g. every other day, weekly or fortnightly, for example,

are also embraced by the present invention.

By treatment is meant herein at least an amelioration of a condition suffered by a
patient; the treatment need not be curative (i.e. resulting in obviation of the condition).
Analogously references herein to prevention or prophylaxis herein do not indicate or
require complete prevention of a condition; its manifestation may instead be reduced or
delayed via prophylaxis or prevention according to the present invention.

For use according to the present invention, the conjugates or physiologically
acceptable salt, solvate, ester or other physiologically acceptable functional derivative
thereof described 'herein may be presented as a pharmaceutical formulation,
comprising the conjugate or physiologically acceptable salt, ester or other
physiologically functional derivative thereof, together with one or more
pharmaceutically acceptable carriers therefor and optionally other therapeutic and/or
prophylactic ingredients. Any carrier(s) are acceptable in the sense of being
compatible with the other ingredients of the formulation and not deleterious to the
recipient thereof.
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Examples of physiologically acceptable salts of the conjugates according to the
invention include acid addition salts formed with organic carboxylic acids such as
acetic, lactic, tartaric, maleic, citric, pyruvic, oxalic, fumaric, oxaloacetic, isethionic,
lactobionic and succinic acids; organic sulfonic acids such as methanesulfonic,
ethanesulfonic, benzenesulfonic and p-toluenesulfonic acids and inorganic acids such
as hydrochloric, sulfuric, phosphoric and sulfamic acids.

Physiologically functional derivatives of compounds of the present invention are
derivatives, which can be converted in the body into the parent conjugate. Such
physiologically functional derivatives may also be referred to as "pro-drugs” or
"bioprecursors”. Physiologically functional derivatives of conjugates of the present
invention include hydrolysable esters or amides, particularly esters, in vivo.
Determination of suitable physiologically acceptable esters and amides is well within
the skills of those skilled in the art.

it may be convenient or desirable to prepare, purify, and/or handle a corresponding
solvate of the conjugates described herein, which may be used in the any one of the
uses/methods described. The term solvate is used herein to refer to a complex of
solute, such as a compound or salt of the compound, and a solvent. If the solvent is
water, the solvate may be termed a hydrate, for example a mono-hydrate, di-hydrate,
tri-hydrate etc, depending on the number of water molecules present per molecule of

substrate.

it will be appreciated that the conjugates of the present invention may exist in various
stereoisomeric forms and the compounds of the present invention as hereinbefore
defined include all stereoisomeric forms and mixtures thereof, including enantiomers
and racemic mixtures. The present invention includes within its scope the use of any

such stereoisomeric form or mixture of stereocisomers.

The conjugates of the present invention may be prepared using reagents and
techniques readily available in the art and/or exemplary methods as described
hereinafter.

Pharmaceutical formulations include those suitable for oral, topical (including dermal,

buccal and sublingual), rectal or parenteral (including subcutaneous, intradermal,



10

15

20

25

30

35

WO 2013/024243 PCT/GB2012/000660

9

intramuscular and intravenous), nasal and pulmonary administration e.g., by inhalation.
The formulation may, where appropriate, be conveniently presented in discrete dosage
units and may be prepared by any of the methods well known in the art of pharmacy.
Methods typically include the step of bringing into association an active conjugate with
liquid carriers or finely divided solid carriers or both and then, if necessary, shaping the

product into the desired formulation.

Pharmaceutical formulations suitable for oral administration wherein the carrier is a
solid are most preferably presented as unit dose formulations such as boluses,
capsules or tablets each containing a predetermined amount of active compound. A
tablet may be made by compression or moulding, optionally with one or more
accessory ingredients. Compressed tablets may be prepared by compressing in a
suitable machine an active compound in a free-flowing form such as a powder or
granules optionally mixed with a binder, lubricant, inert diluent, lubricating agent,
surface-active agent or dispersing agent. Moulded tablets may be made by moulding
an active conjugate with an inert liquid diluent. Tablets may be optionally coated and, if
uncoated, may optionally be scored. Capsules may be prepared by filling an active
conjugate, either alone or in admixture with one or more accessory ingredients, into the
capsule shells and then sealing them in the usual manner. Cachets are analogous to
capsules wherein an active compound together with any accessory ingredient(s) is
sealed in a rice paper envelope. An active compound may also be formulated as
dispersible granules, which may for example be suspended in water before
administration, or sprinkled on food. The granules may be packaged, e.g., in a sachet.
Formulations suitable for oral administration wherein the carrier is a liquid may be
presented as a solution or a suspension in an aqueous or NonN-aqueous liguid, or as an

oil-in-water liquid emulsion.

Formulations for oral administration include controlled release dosage forms, e.g.,
tablets wherein an active conjugate is formulated in an appropriate release-controlling
matrix, or is coated with a suitable release-controlling film. Such formulations may be

particularly convenient for prophylactic use.

Pharmaceutical formulations suitable for rectal administration wherein the carrier is a
solid are most preferably presented as unit dose suppositories. Suitable carriers

include cocoa butter and other materials commonly used in the art. The suppositories
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may be conveniently formed by admixture of an active conjugate with the softened or

melted carrier(s) followed by chilling and shaping in moulds.

Pharmaceutical formulations suitable for parenteral administration include sterile

solutions or suspensions of an active conjugate in agueous or oleaginous vehicles.

Injectible preparations may be adapted for bolus injection or continuous infusion. Such
preparations are conveniently presented in unit dose or multi-dose containers which
are sealed after introduction of the formulation until required for use. Alternatively, an
active conjugate may be in powder form which is constituted with a suitable vehicle,

such as sterile, pyrogen-free water, before use.

An active conjugate may also be formulated as long-acting depot preparations, which
may be administered by intramuscular injection or by implantation, e.g.,
subcutaneously or intramuscularly.  Depot preparations may include, for example,
suitable polymeric or hydrophobic materials, or ion-exchange resins. Such long-acting

formulations are particularly convenient for prophylactic use.

Formulations suitable for pulmonary administration via the buccal cavity are presented
such that particles containing an active compound and desirably having a diameter in

the range of 0.5 to 7 microns are delivered in the bronchial tree of the recipient.

As one possibility such formulations are in the form of finely comminuted powders
which may conveniently be presented either in a pierceable capsule, suitably of, for
example, gelatin, for use in an inhalation device, or alternatively as a self-propelling
formulation comprising an active compound, a suitable liquid or gaseous propellant and
optionally other ingredients such as a surfactant and/or a solid diluent. Suitable liquid
propellants include propane and the chlorofluorocarbons, and suitable gaseous
propellants include carbon dioxide. Self-propelling formulations may also be employed
wherein an active conjugate is dispensed in the form of droplets of solution or

suspension.

Such self-propelling formulations are analogous to those known in the art and may be
prepared by established procedures. Suitably they are presented in a container

provided with either a manually-operable or automatically functioning valve having the
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desired spray characteristics; advantageously the valve is of a metered type delivering

a fixed volume, for example, 25 to 100 microlitres, upon each operation thereof.

As a further possibility an active compound may be in the form of a solution or
suspension for use in an atomizer or nebuliser whereby an accelerated airstream or
ultrasonic agitation is employed to produce a fine droplet mist for inhalation.

Formulations suitable for nasal administration include preparations generally similar to
those described above for pulmonary administration. When dispensed such
formulations should desirably have a particle diameter in the range 10 to 200 microns
to enable retention in the nasal cavity; this may be achieved by, as appropriate, use of
a powder of a suitable particle size or choice of an appropriate valve. Other suitable
formulations include coarse powders having a particle diameter in the range 20 to 500
microns, for administration by rapid inhalation through the nasal passage from a
container held close up to the nose, and nasal drops comprising 0.2 to 5% w/v of an

active conjugate in aqueous or oily solution or suspension.

It should be understood that in addition to the aforementioned carrier ingredients the
pharmaceutical formulations described above may include, an appropriate one or more
additional carrier ingredients such as diluents, buffers, flavouring agents, binders,
surface active agents, thickeners, lubricants, preservatives (including anti-oxidants)
and the like, and substances included for the purpose of rendering the formulation
isotonic with the blood of the intended recipient.

Pharmaceutically acceptable carriers are well known to those skilled in the art and
include, but are not limited to, 0.1 M and preferably 0.05 M phosphate buffer or 0.8%
saline. Additionally, pharmaceutically acceptable carriers may be aqueous or non-
aqueous solutions, suspensions, and emulsions. Examples of non-aqueous solvents
are propylene glycol, polyethylene glycol, vegetable oils such as olive oil, and
injectable organic esters such as ethyl oleate. Aqueous carriers include water,
alcoholic/aqueous solutions, emulsions or suspensions, including saline and buffered
media. Parenteral vehicles include sodium chioride solution, Ringer's dextrose,
dextrose and sodium chloride, lactated Ringer's or fixed oils. Preservatives and other
additives may also be present, such as, for example, antimicrobials, antioxidants,
chelating agents, inert gases and the like.
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Formulations suitable for topical formulation may be provided for example as gels,
creams or ointments. Such preparations may be applied e.g. to a wound or ulcer either
directly spread upon the surface of the wound or ulcer or carried on a suitable support
such as a bandage, gauze, mesh or the like which may be applied to and over the area
to be treated.

Liquid or powder formulations may also be provided which can be sprayed or sprinkled
directly onto the site to be treated, e.g. 2 wound or uicer. Alternatively, a carrier such
as a bandage, gauze, mesh or the like can be sprayed or sprinkle with the formulation

and then applied to the site to be treated.

Therapeutic formulations for veterinary use may conveniently be in either powder or
liquid concentrate form. [n accordance with standard veterinary formulation practice,
conventional water soluble excipients, such as lactose or sucrose, may be incorpora{ed
in the powders to improve their physical properties. Thus particularly suitable powders
of this invention comprise 50 to 100% w/w and preferably 60 to 80% w/w of the active
ingredient(s) and 0 to 50% w/w and preferably 20 to 40% w/w of conventional
veterinary excipients. These powders may either be added to animal feedstuffs, for

example by way of an intermediate premix, or diluted in animal drinking water.

Liquid concentrates of this invention suitably contain the conjugate or a derivative or
salt thereof and may optionally include a veterinarily acceptable water-miscible solvent,
for example polyethylene glycol, propylene glycol, glycerol, glycerol formal or such a
solvent mixed with up to 30% viv of ethanol. The liquid concentrates may be
administered to the drinking water of animals.

Detailed Description

The present invention will now be further described with reference to the

following figures which show:

Figure 1a shows a representation of a cystatin-pepstatin conjugate as a
potential inhibitor (CP1) of all 3 major endosomal protease families: the papain-like
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cysteine proteases (PLCP), aspartyl proteases (Cat-D/E) and asparagine

endopeptidase;

_Figure 1b identifies three different cystatin mutants which were tested. Mutation
sites were picked for solvent accessibility, as well as for their location, with residues
which are part of the inhibitory motifs (as highlighted by the dashed circles), excluded.
Three mutations where chosen, one on a b-sheet (R77C), one on an a-helix (L117C)
and on a non-structured loop region of the protein (T102C).

Figure 1c shows relative inhibitory rates of the three mutants as determined by
serial dilution of the various cystatin C mutants (concentration in mM) in presence of 5

ng of Cathepsin L/well.

Figure 2a shows 4 preferred cystatin-pepstatin conjugates as a potential
inhibitor (CP1) of all 3 major endosomal protease families: the papain-like cysteine
proteases (PLCP), aspartyl proteases (Cat-D/E) and asparagine endopeptidase.

Figure 2b shows the mass spectrometric data of conjugates 4, 5, and 6, as well

as a Western blot analysis with anti-FLAG?' antibody of conjugate 7.

Figures 3 shows the results of inhibition of proteases: 1-3: inhibition of
recombinant cath L (PLCP), AEP, and cath D (aspartyl protease) by cystatin C (red),
pepstatin (blue) or the CPI (black). 4-6: Inhibition of these same enzymes in the lysates
of dendritic cells as measured by turnover of fluorescent substrates. 7: test of residual
post-lysis protease activity after feeding of the inhibitors to live dendritic cells. 8:
residual protease activity in live immune cells after feeding of the constructs as

measured using a quenched fluorophoric casein substrate.

Figure 4: shows inhibition of degradation of apo-HRP by macrophage lysosomal
proteins. PBS, nor pepstatin A warrant protection. Cystatin C appears to protect a
fragment only. The CPI protects the unstable antigen back to the level of wild-type
HRP.

Figure 5a: CPl arrests EGF receptor downregulation and sustains signalling. (A)
COS7 cells were stimulated with EGF for up to 90 mins following a pre-incubation with
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or without either CPl or human cystatin C (~0.35mg/ml). The downregulation of the
EGF receptor (top panel) was assayed by Western blotting along with levels of
phospho-Erk1/2 (p42/44 MAP kinase; middle panel) and Rsk2 to assess total cellular
protein loading. (B) Quantitation of data shown in A

Figure 5b: shows the effect of the CPl on the lifetime of the EGF-EGFR
complex in cells upon stimulation with EGF. it can be observed by confocal microscopy
that the EGFR receptor breakdown is retarded in presence of the inhibitor.

Figure 6a: shows the determination of the loading levels of Ovalbumin and
cystatin ¢ on iron oxide adjuvant. Equal amounts of modified iron oxide were analysed
by Western blot against cystatin C and Ovalbumin. Three different concentrations of
Ovalbumin were loaded together with a fixed amount of cystatin c, pepstatin A or a
cystatin-peptstatin inhibitor.

Figure 6b: shows the responses of OT-l (top) and OT-ll (bottom) T-cells to
dendritic cells incubated with constructs carrying three different amounts of Ovalbumin,

as determined in figure 6a with or without protease inhibitor.

Figure 6¢ shows the improved antigen presentation on class | MHC (cross-
presentation) by co-encapsulation of antigen with CPl. PLGA microspheres were
titrated in 96-well plates and ovalbumin presentation measured by the addition of
murine bone marrow derived dendritic cells (~5 x 10%well) and OTI T cells (~5 x
10%/well). (i) After ~72 hours T cell proliferation was measured by addition of 1uCi 3H-
thymidine. Cells were harvested 16 hours later and *H incorporation measured by
scintillation counting. Alternatively (ii) an aliquot of the supernatant was removed after

72 hours and IL-2 production measured by standard ELISA assay.

Figure 6d shows the Improved antigen presentation on class Il MHC by co-
capsulation of antigen with CPl. Conditions similar to those in Figure 6¢ except that
OTIl (class It MHC restricted) T cells were used instead of OTI.

Figure 6e shows the improved presentation of the ovalbumin antigen in vivo by
co-encapsulation with CPl. C57BL/6 mice were immunised with different varieties of
ovalbumin-containing PLGA microspheres and were additionally loaded with CFSE
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labelled T cells. (see Methods outline). As a positive control ovalbumin was admixed
with the strong adjuvant alum. T cell proliferation was subsequently measured by
CFSE dilution in the lymph nodes draining the site of injection (sub-cut. base of tail). T
cells were also stained with anti-CD8 antibodies to distinguish OT1 from OTII cells. (i)
Leftmost panels show raw FACS data while centre and right panels show histograms of
T cell numbers at different cell doublings for OT! (centre) and OTII (right). (ii) total
accumulated T cells by integration of cell doubling data. The data reveal a hierarchy of
expansion for both OT1 and OTIl. As expected Oval/Alum promoted the strongest
expansion while Ova/CP! PLGA promoted stronger expansion than Ova PLG.

Figure 7: Inhibition of cysteine protease activity and aspartyl protease activity in
T. brucei cell lysates as determined using substrates specific for either cathepsin B/L/S
like activity or cathepsin D/E like activity.

Figure 8: Shows some constructs that can be used for linking the protease

inhibitor to another moiety, for example a targeting group, or a complex with a targeting

group.

Materials and methods

Ovalbumin was purchased from Sigma-Aldrich (A5503), or Worthingtons
(LS3056; In vitro digest), Cystatin C from Genway (11-511-248839). Bovine serum
albumin and Myoglobin (from horse-heart) were purchased from Sigma-Aldrich.
antinOvalbumin was obtained from Polysciences (2344-5) Anti-6His was purchased
from Quiagen (34660), antiDCystatin C (mAb1196) and recombinant cathepsins came
from R&D systems. Pepstatin A and fluorescent substrates were purchased from
Bachem. NBoc-l-Cysteine Methanethiosulfonate was purchased from Toronto
Research Chemicals (B646250).

Cloning and Expression of Cystatin C - T102C - 6His mutant

The Cystatin C was amplified as described previously' using the following
primers: CysCFor (caggattacaattggtaccatggecgggececc) and CysCRev
(gectactcgagcttaatgatgatgatgatgatggtectgacag) to introduce a C-terminal 6-Histidine
tag. The amplification product was cloned into a pcDNA-DHFR vector used previously’

between Xhol and Kpnl restriction sites.
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Threonine 102 was determined to be solvent accessible using the NAccess
software® based on the crystal structure of human Cystatin C* and domain-swapped
human Cystatin C°. It was also a residue away from the inhibitory motifs of both the
papain-like Cathepsins and asparagine endopeptidase®.

The Mutations  were introduced  with primers CysCT102Cfor
(caggtgtaccaagtgccagcccaacttgg) and CysCT102Crev
(ccaagttgggctggcacttggtacacgtg). '

DHFR-negative CHO cells were grown in DMEM-based medium containing
10% dialysed FCS, 5 mM Glutamine and 0.1 mM hypoxanthine and 0.01 mM
thymidine. Following transfection using lipofectamine with DHFR-CysC-T102C-6His
plasmid, the hypoxanthine and thymidine supplement were removed and the cells were
cultured at low density in 15 cm dishes (104 cells per dish) in medium containing 20 nM
methotrexate (MTX). After 2 days the medium was replaced by medium containing 50
mM MTX. The cells were grown at 5% CO; at 37° C for a further 2 days upon which
single colonies had begun to form. These were picked and placed in a 96-well plate
(tissue culture treated) in medium containing 100 nM methotrexate.

The colonies were assessed for Cystatin C expression levels using an anti-
Cystatin C antibody MAB1196 (R&D Systems, mouse anti-Human CysC; 1:3000
dilutions) and the highest producing clones were harvested and transferred to a 24-well
dish. Here they were allowed to grow to 80% confluency prior to the addition of medium
containing increasing amounts of MTX (up to 2 mM). At the final MTX-concentration
one clone (SvKD2-25-A7) was selected for large-scale production of Cystatin C.

This clone was grown to confluency in 10 225 cm? tissue culture flasks in
medium containing 2 mM MTX. The cells were incubated at 37 degrees for 2 weeks
prior to harvest of the supernatant. The pH of the supernatant (2 L) was adjusted to 8.0
and NaC) was added to a final concentration of 250 mM. The supernatant was filtered
through a 0.22 um filter prior to passing it over 6 mL of NiNTA agarose (Quiagen) at 4°
C. The resin was washed with 10 column volumes of 50 mM NaPO,, 300 mM NaCl (pH
8.3) and 5 column volumes of the same buffer containing 5§ mM imidazole. The bound
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protein was eluted by gently shaking the agarose with 2 x 8 mL of 500 mM imidazole

containing buffer followed by elution.

The eluent was passed over a Superdex G75 column (GE Healthcare,
XK26/60) in batches of 1.5 mL. The fractions containing pure Cystatin C were pooled
and concentrated by ultrafiltration (MWCOQO 6-8000) to yield 21 mL of a 0.8 mg/mL
protein solution (as determined by UV absorbance). Mass spectrometry (after

reduction):

Extended synthetic scheme

O OH
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Pepstatin A - N - hydroxysuccinimidyl ester (1a)

Pepstatin (147 mg, 0.21 mmol) was dissolved in DMF (15 mL). N-Hydroxysuccinimide
(217 mg, 1.4 mmol) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (323 mg, 1.7
mmol) were added and the mixture was stirred at room temperature for 23 hours. The
mixture was concentrated under high vacuum to yield a glass-like solid, which was
washed with water (3 x 15 mL) and diethyl ether (3 x 15 mL) to yield a white powder
(153 mg, 93% vield) of Pepstatin A-N-hydroxysuccinimidyl ester. m/z (ESI+) observed
783.4; calculated: 783.5; 1H NMR (300 MHz, DMSO) 6 7.91 (d, J = 7.3 Hz, 1H, NH),
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7.80 (dd, J = 11.3, 9.0 Hz, 2H, 2 x NH), 7.46 (t, J = 9.2 Hz, 2H2 x NH), 5.27 (d, J = 5.8
Hz, 1H, OH), 4.82 (d, J = 5.0 Hz, 1H, OH), 4.33 — 4.07 (m, 3H), 3.83 — 3.94 (m, 4H),
2.80 (s, 4H, HOSu), 2.71 (dd, J = 16.5, 2.2 Hz, 2H), 2.21 — 1.84 (m, 5H), 1.67 — 1.46
(m, 2H), 1.47 = 1.23 (m, 4H), 1.19 (d, J = 7.1 Hz, 3H, CH3), 0.97 - 0.72 (m, 30H, 10 x
CH3).

13C NMR (75 MHz, DMSO) & 172.34, 171.54, 171.09, 170.72, 170.64, 170.05, 167.38,
68.96, 68.37, 57.95, 57.80, 50.64, 50.53, 48.26, 44.38, 40.36, 40.08, 39.80, 39.52,
30.24, 38.96, 38.68, 38.49, 3527, 30.28, 30.03, 25.62, 25.39, 24.16, 23.37, 23.24,
22.22, 21.76, 21.62, 19.26, 19.22, 18.31,18.27, 18.09.

Pepstatin A - lysine (2)

Pepstatin (164 mg, 0.21 mmol) was dissolved in DMF (20 mL). FMoc-Lysine 77.2 mg,
0.21 mmol) was added and shaken for 2 days at room temperature. The reaction
mixture was concentrated under vacuum and washed with 0.1 M HC! solution (2 x 2 x
50 mL) and water (6 x 50 mL) before being lyophilised to yield 148 mg of a white solid,
which could be further purified by HPLC. m/z (ESI+) observed: 1036.6; calculated
1036.6. 1TH NMR (300 MHz, DMSO) 5 7.91 — 7.29 (m, 16H, 7 x NH & Ar- H), 4.84 (s,
2H, 2 x OH), 4.33 — 4.05 (m, 6H), 3.98 — 3.67 (m, 5H), 3.02 (dt, J = 11.8, 6.5 Hz, 2H),
2.20 -1.81 (m, 9H), 1.77 - 1.22 (m, 15H), 1.20 (d, J = 7.0 Hz, 3H), 0.95 — 0.66 (m,
30H, 10 x CH3). 13C NMR (75 MHz, DMSQ) 6 173.92, 172.14, 171.54, 171.07,
170.82, 170.67, 170.62, 156.11, 143.81, 143.77, 140.67, 127.60, 127.03, 125.24,
120.06, 69.15, 69.01, 65.57, 57.96, 57.78, 53.74, 50.71, 50.42, 48.33, 46.63, 44.38,
40.35, 40.07, 30.41, 30.28, 30.05, 28.68, 25.62, 24.14, 23.40, 23.22, 23.05, 22.21,
21.89, 21.61, 19.26, 19.21, 18.34, 18.26, 18.13.
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Pepstatin - Lys - Peptides - MTS
0 OH“\"/LO OHN\P/O .
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3 was synthesised by standard Fmoc-solid phase peptide chemistry using Pybop as a
5 coupling agent on a Syro | peptide synthesiser. The coupling of Pepstatin-Lysine-Fmoc
was reacted for 24 hours. — Boc-Cysteine MTS (TRC Research Chemicals) was
introduced manually using standard Pybop coupling conditions in the last step of the
synthesis (4-fold excess of amino acid and coupling reagent). m/z (ESI+) observed:
1036.6; calculated 1036.6

10
Synthesis of the Cystatin - Pepstatin Conjugate (4)
OH H O OH H 0 H
HN . N NG A AN oN
o " o 0
4 S Cystatin C
Gy~ OY\ N—GNAspSer-AspSer-Asp-Ser-Asp-Ser-Gly\[(:\N,.,Z
0 0
15

Three further conjugates 5, 6 and 7 were made in a similar fashion, showing that a
variety of peptide linker moities are suitable.

20 DTT was added to a solution of Cystatin C-T102C-6His (1 mg/mL in PBS, 2.5 mL) to a
final concentration of 20 mM. The mixture was gently shaken at room temperature for
15 minutes and buffer exchanged into phosphate buffer (pH 8.5, 100 mM Phosphate,
300 mM NaCl) by Sephadex G-25 resin (GE Healthcare). To the reduced protein (50
pM 3.5 mL) was added a solution of 3 in DMSO (2 mM, 4 x 50 uL) in 4 portions at 1
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hour intervals. Prior to characterization, the modified protein was purified by
6His-affinity chromatography, followed by dialysis (PBS, 6000-8000 MWCO, 3 x 4L).

Protéase inhibition studies

All protease inhibition studies were carried out as described previously’™® on a
FLUOstar Optima Fluorimeter (BMG) with 360 nm excitation and 460 nm emission
wavelength filters as described previously."**'® Recombinant Cathepsin D and
Cathepsin S were purchased from R&D Systems. Recombinant Asparagine

Endopeptidase was expressed and activated as described previously.?

Inhibition of asparagine endopeptidase (AEP)

To a AEP (100 ng/well) in assay buffer (50 mM NaOAc, 300 mM NaCL, pH 4.5, 50 uL)
was added 10pL of the inhibitors (in PBS). The plate was then incubated at room
temperature for 20 minutes. ZAla-Ala-Asp-MEC was then added (100 pM, Bachem, 60
ML) and 7-amino-4-methylcoumarin release was measured by fluorescence

spectroscopy over time. Initial rates were plotted against inhibitor concentration.'®

Inhibition studies of Cathepsin D activity
Cathepsin D inhibition studies were performed as previously described®.
Inhibition studies of Cathepsin L

To a solution of activated mouse Cathepsin L (R&D systems, 0.25 ng/uL) in assay
buffer (25 mM MES, pH 5.5, 30 uL) were added various serial dilutions of Cystatin C
(from 1.4 pM), Cystatin-Pepstatin and Pepstatin alone. The mixture was gently shaken
at room temperature for 5 minutes prior to the addition of Z-Leu-Arg-AMC (40 yM in
assay buffer, made from a 1 mM DMSO Stock soluti‘on). 7-amino-4-methylcoumarin
release was measured by fluorescence spectroscopy over time. Initial rates were

plotted against inhibitor concentration™'.

Inhibition of proteases in dendritic cell or T. brucei lysates

Three spleens from C57/B-6 mice or from 10° T. brucei promastigotes were
homogenised in a glass homogeniser in 16 mL of citrate buffer (200 mM, pH 5.5). The
cells were lysed by repeated freeze/thaw cycles (6 cycles). The supernatant was
cleared by centrifugation at 18,000 g for 30 minutes. The cleared supernatant had a



10

15

20

25

30

35

WO 2013/024243 PCT/GB2012/000660

21

protein concentration of 5 mg/mL. 20 ug of lysate was used as protease source in the

same inhibition assays as for the recombinant proteases.

Inhibition of endo - lysosomal protease activity in live Bone - marrow derived
dendritic cells

To a suspension of dendritic cells, derived from bone marrow precursors as described
previously’, (107 Cells, 100 pL) the inhibitors were added (70 pM; 100 uL in PBS).
The cells were incubated at 37 °C, 5% CO2, for 3 hours. 1 mL of cold cRPMI with 10%
FCS was added to each tube and the cells were collected by centrifugation. The cells
were washed 3 times with medium prior to lysis (50 pL;50 mM Citrate, 1% Triton X-100,
pH 5.0). 5 pg of this protein mixture was used to determine residual proteolytic activity

as described previously'.
Test of Enzcheck substrate using purified macrophage lysosomes

Lysosomes‘ isolated from bone-marrow derived macrophages using a Percoll density-

gradient fractionation (400 ng/ul, 10 uL) were resuspended in assay buffer (100 mM

Citrate, 2 mM DTT, pH 4.5, 0.5% v/v triton X-100; 590 pL). 50 pL of this diluted

lysosomal suspension was plated in triplicates in a 96-well flat-bottomed plate. 10 uL of |
either cystatin, pepstatin of CPl (3 uM final concentration) was added to each set of

three wells with PBS as a control. The mixtures were incubated at room temperature

for 20 minutes prior to the addition of EnzChek substrate (Invitrogen, catalog number

E6638, 20 pg/mL in assay buffer). Fluorescence emergence (excitation 485nm:

emission 530nm) was measured every 5 minutes on a fluorescent plate reader at 37

°C. Initial rates of fluorescence emergence were plotted for each of the inhibitors.

Determination of proteolysis inhibition in live cells using Enzchek substrate

A20 cells (5x10%mL; 100 pL/well) were plated in a 96-well plate. Inhibitors (28 uM in
PBS + 1% DMSO; 50 uL) were added to each wells and the cells were incubated at
37°C, 5% CO; for 30 minutes.

After this time Enzchek (Invitrogen, catalog number E6638, 20 pg/mL in DMEM + 10%
FCS) was added and the fluorescence emergence (excitation 485nm; emission 530nm)
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was measured every hour on a fluorescent plate reader at 37 °C. Rates of fluorescence

emergence were plotted for each of the inhibitors.

In Vitro digest of proteins with purified lysosomes

Lysosomes isolated from bone-marrow derived macrophages using a Percoll
density-gradient fractionation (400 ng/uL, 3.6 pL) were resuspended in assay buffer (50
mM Citrate, pH 4.5, 0.5% Triton X-100; 59 pL). Inhibitor (70 pM; 12 pL in PBS +5%
DMSO) was added and the mixture incubated for 15 minutes. Protein substrate (1
mg/mL in PBS, 9 L) was added to the mixture and the reaction was incubated at 37
°C. At the indicated timepoints 20 L of the reaction mixture was removed and boiled
with LDS-sample buffer and analysed by SDS-PAGE.

Determining the effect of CPl on EGF-signalling

COS7 cells growing in 12-well tissue culture plates were preincubated for 1 hour with
or without cystatin C (0.35mg/ml) or CP] (0.32 mg/ml) and then stimulated with
100ng/ml EGF for the times shown. The cells were scraped from the well in 50l lysis
buffer containing 50mM Tris, 150mM NaCl, 1TmM EGTA, 1mM EDTA, 1% NP40 plus
protease inhibitors (Roche, Miniprotease tablet). Aliquots were heated in SDS sample
buffer and run on a 4 x 12% MOPS % gel (Invitrogen). After transfer to Hybond ECL
membrane EGF receptor was revealed with a rabbit anti-EGF receptor antibody (Santa
Cruz) followed by peroxidase conjugated donkey anti-rabbit (Jackson) and a standard
ECL protocol (Millipore). The blot was then stripped and reprobed for phosphor-Erk
(p42/44 MAP kinase; Cell signalling) and as as loading control, Rsk2 (Santa Cruz) with
appropriate secondary antibodies. The signals were quantitated using ImageJ analysis

software. .
Immunofluorescence (IF) microscopy

IF was performed according to standard protocols. For visualization of fluorescent
substrate processing (Enzchek, vide infra), murine A20 B-cell blasts were grown on
coverslips and incubated with enzchek (1 pg/mL final concentration) in presence or
absence of protease inhibitors as indicated (20 uM) for 5 hours under standard growth
conditions. Following treatment, cells were fixed with 3.7% paraformaldehyde in PBS,
Triton X-100 permeabilized (0.1% in PBS), and immunostained against CDG63,
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visualized using an anti-mouse secondary antibody-Alexa 647 conjugate on a Leica
SP-2 confocal microscope using a 63x magnification objective.

Analysis of EGFR endocytosis and trafficking was performed as previously described
with the following modifications. HeLa celis were grown on coverslips and serum
starved in the absence or presence of CPI (20 pM; 0.1% FCS in DMEM-PBS 1:1) and
stimulated with EGF (100 ng/mL final concentration) for § or 90 minutes. Samples were
prepared as previously described. All images were collected using a Leica SP-2
confocal microscope equipped with a 63x magnification objective. Post-image
processing and data analysis were performed using ImageJ. Image quantification was
based on 25-50 cells per condition per experiment and significance was calculated

using a standard Student’s T-test.

Synthesis and analysis of a model vaccine consisting of model antigen and

protease inhibitor

A vaccine construct was synthesized by conjugating both the model antigen ovalbumin

and an inhibitor of all three classes of protease to a solid phase adjuvant.
Conjugation of His-tagged proteins to iron oxide nanoparticles

Talon-modified iron oxide beads were dissolved in 500 uL of 100 mM phosphate buffer,
600 mM NaCl; pH 8.0 with 0.02% Tween 20. Ovalbumin-6His was added (0.3 nmol; 20
uL of a 0.23 mg/mL solution, serially diluted 1:2) was added and the mixture was
shaken (1000 rpm) at room temperature for 2 hours. The sample was then split into 2
equal portions. One portion was left shaking. To the other portion was added 0.3 nmol
of Cystatin-Pepstatin-conjugate-6His. The solutions were then left shaking for a further
2 hours.

After this period the particles were collected in a Dynal-particle concentrator magnet
(MPC-S) and resuspended in PBS (1.5 mL). The particles were reconcentrated and
washed with a further 3 portions of PBS. The purified particles were resuspended in 50
ul of PBS.
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Determining the amount of iron in the vaccine preparates

lron content of modified particles was determined using a bathophenantroline assay,

based on that reported by Perry et al.*’

-Determining Ovalbumin and protease inhibitor loading

150 ug of particles (30 L) were diluted with LDS-sample buffer (Invitrogen; NuPAGE)
and analysed on a 12% NuPAGE SDS-gel (Invitrogen). The protein content was
transferred to a nitrocellulose membrane by semi-dry transfer.

The membrane was blocked with 5% w/v skimmed milk powder in PBS with 0.1%
Tween 20 for 1 hour at room temperature. After this time a solution of anti-Ovalbumin
(Polysciences, 2344-5, 5 mg/mL, 1:5000 dilution) was added in 5% skimmed milk
powder in PBS-Tween 20 and the membrane was gehtly shaken at 4° C for 17 hours.
After this period the gel was washed 3 times with PBS-Tween and incubated with
secondary pig-anti-rabbit-horseradish peroxidase conjugate (1:3000 in 5% skimmed
milk powder in PBS-Tween 20 at room temperature for 1 hour. The membrane was
washed 4 times with PBS-Tween before visualising the presence of HRP with ECL
Western Blotting Detection Reagent (GE Healthcare) and exposure to photographic
film.

The density of the bands was normalised against a standard curve of ovalbumin of
known concentrations using Totallab gel analysis software (Nonlinear Dynamics,

Newcastle upon Tyne, UK) to approximate the loading of ovalbumin on the patrticles.

Cystatin-levels and cystatin-pepstatin leveils were determined using the Mouse anti-
Human Cystatin C antibody (mouse anti-human Cystatin C, MAB1196, R&D Systems,
1:3000 dilution) using the above Western blot protocol.

OT-1 and OT-ll activation assay

10,000 mouse bone marrow-derived dendritic cells were incubated with 0.1 mg of the
Ovalbumin/inhibitor modified particles for 2 hours in a 96-well round-bottom plate. The
cells were washed prior to the addition of 100,000 OT-l or OT-ll T-cells (purified by
negative selection) to each of the wells. After 3 days 3H-labeled thymidine was added
and incorporation thereof measured.



10

15

20

25

30

35

WO 2013/024243 PCT/GB2012/000660

25

CPl enhancement of PLGA encapsulated ovalbumin

In vitro studies: Dendritic cells are incubated for 48-72 hours with the 3 varieties of
PLGA microspheres (CP! only, Ovalbumin only and CPl/ovalbumin) in the presence of
T cells able to detect the presentation of peptides derived from processed and -
presented antigen (OT1 and OTII). T cell activation is then measured by incorporation
of 3H-thymidine during a 12-16 hour period.

In vivo studies: C57BL/6 mice were injected sub-cutaneously with the same PLGA
microspheres (1.75mg PLGA containing approx. 5% w/w ovalbumin). The injected
volumes additionally contained 1ug/ml LPS to activate antigen presenting cells at the
site of injection. All mice previously (30-60 mins earlier) received 10° CFSE labeled
OT1 and OTI T cells. After 24-48 hours T cell proliferation in draining lymph nodes was
measured by CFSE dilution.

Results

In one embodiment, the present invention provides a molecule which displays tight
control over the stoichiometry and localization of the introduced pepstatin; with no more

than one pepstatin molecule per cystatin at a site away from the inhibitory domains of

cystatin ¢ (see for example figure 1b) this has been achieved through introduction of a

free cysteine into the protein backbone of cystatin C by site-directed mutagenesis®, as
it can be selectively modified in presence of other nucleophilic residues. Issues
associated with disulfide scrambling with the two exisiting disulfide bridges in cystatin C
were avoided by using a mammalian expression system. Various mutants were tested
(see Table 1 and figure 1b), and T102C was found to have the most favourable
inhibitory properties. A C-terminal 6His-tag was also introduced, for facilitating

purification and possible conjugation of the inhibitor to a solid phase carrier.

In accordance with a preferred embodiment methanethiosulfonate chemistry was used
to introduce the pepstatin onto the free cysteine of cystatin C*> %, due to its high
selectivity for sulfhydryls and its facile introduction into the peptide backbone through a
MTS-Boc-Cysteine buildihg block. Furthermore there is the potential for endosomal
release of the pepstatin by reduction of disulfides by the lysosomal thiol reductase
GILTZ,
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As it has been reportéd that conjugation of the C-terminal end of pepstatin to lysine
residues did not reduce its inhibitory potential significantly®®, the inventors decided to
introduce a charged peptide between the pepstatin and the MTS group (figure 2) to
increase solubility of the conjugate. After mild reduction with, for example, 5§ mM DTT
(conditions to which the disulfide-bridges of cysatin C have been shown to be stable) of
the free cysteine residue prior to coupling, the inventors obtained >95% protein
recovery levels and >80% modification as determined by mass spectrometry (figure 2).
Any unreacted cystatin C could be readily separated from the CPl using HPLC

purification.

Next, the inhibitory capacity was analyzed against recombinant members of each of the
three target protease families The CPl showed similar IC50 values against
representative members of the three classes of endosomal protease even without
reduction of the disulfide bond between cystatin C and pepstatin A (figure 3, panel 1-3).
Moreover, the CPI was able to inhibit the same 3 classes of protease activity present in
dendritic cell lysates (figure 3, panel 4-6). Most importantly, when the CP| conjugate
was incubated with A20 cells and their protease activity determined using the
Enzcheck substrate, the inventors found that the probe could simultaneously abolish
cathepsin D/E activity as well as reduce PLCP and AEP activity by (figure 3, panel 7)
with no cell death occurring (as determined by trypan blue assay).

One of the potential therapeutic applications of the CPI is as a modulator of antigen
processing. It has been reported that unstable antigens can be over-processed in the
endo-lysosomal pathway leading to a reduction in antigen presentation?? and that
protease resistant antigens frequently make for better immunogens. The inventors
tested whether these unstable antigens could be ‘protected’ from lysosomal over-
degradation by the CPI with the eventual aim of improving antigen presentation of such

unstable antigens in vaccine preparations.

in recent studies by Delamarre et al it was demonstrated that a destabilized variant of
horseradish peroxidase (apo-HRP) from which the heme-group had been removed was
more sensitive than heme containing HRP to proteolysis in vitro and gave a much
weaker immune response in vivo. The authors suggested that heme-free HRP was too
rapidly degraded by the antigen processing machinery, preventing efficient loading of
MHC-complexes.
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The inventors tested whether it was possible to protect unstable apo-HRP from
lysosomal degradation in vitro by adding a CP!I to the invention. As a source of endo-
lysosomal proteases the inventors used purified lysosomes from mouse macrophages
as they express high levels of all these enzymes. Indeed, even before the first
measurement apo-HRP was fully degraded by macrophage endo/lysosomes (figure 4).
Addition of cystatin alone or pepstatin alone caused little or no stabilization of apo-
HRP, indicating a functional redundancy between the lysosomal enzymes in these
macrophages. When a CPI was added, however, apo-HRP was as stable to lysosomal
digestion as wt-HRP (figure 4). These results suggest that incorporation of a CPI into
immunological adjuvants for unstable antigens may be worthwhile and is currently

under investigation.

The inventors next assessed the capacity of CPI to inhibit endo/lysosomal proteases in
live cells and whether a CPI could successfully modulate the biclogical functions of this
compartmental system. One important role of the endocytic pathway is to degrade
activated growth factor receptors following their ligand-stimulated endocytosis. For
example, following the EGF receptor (EGFr) being ubiquitinated, it is clustered in
clathrin coated pits and delivered to the endosome system where it becomes
sequestered on the internal vesicles of multivesicular bodies (MVBs) preventing
recycling and shutting down its capacity to signal®. MVBs then fuse with lysososomes
and the EGF receptor is degraded; The specific lysosomal proteases remain to be fully
defined."'?%.

The inventors precincubated the EGFr positive kidney cell line COS-7 in the presence
or absence of a CPl or cystatin C (the insolubility of pepstatin A prevented this
compound from giving meaningful data in this experiment) and then challenged with
EGF. At different times the level of EGFr remaining was monitored by western blotting
(figure 5). In control cells downregulation of EGFr was evident after 40 minutes and
virtually complete after 90 minutes (Fig 5a). In contrast levels of EGFr were much more
persistent in Cos7 cells preincubated with CPl demonstrating a block in receptor

degradation as quantified in figure 5b.

Preincubation with cystatin also suppressed EGFr downregulation but not to the same
extent as CP! indicating that both cysteine and aspartyl proteases are involved in EGFr
processing. The arrest in receptor processing was not due to inhibitor toxibity since the

MAP kinases Erk1/2 were activated 5 normally in CPI and cystatin treated cells. In fact,
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there was more sustained Erk activation in CPI treated cells consistent with the
persistence of EGFr (Fig 5a, 2nd panel). Thus, CPI is taken up by cells and can
suppress key proteolytic events within the endo/lysosomal system.

The inventors also tested the protease inhibitor in a model vaccine. First, defined
amounts of antigen (Ovalbumin) and inhibitor (figure 6a) were loaded onto a solid-
phase carrier not unlike those used in commercial vaccine preparations. Next these
vaccine preparates were fed to mouse dendritic cells for 2 hours. After washing,
purified OT-l and OT-ll T-cells specific for epitopes on Qvalbumin were added and an
improved response of the OT-l and OT-lI T-cells could be observed (figure 6b). Figures
6c and d show that the inclusion of CP! substantially improves presentation of the
ovalbumin antigen.. Beads containing CPI alone produced no T cell proliferation (not
shown. Moreover, a Ova/CPl PLGA (+LPS) formulation produces more potent antigen
presentation than the Ova PLGA (+LPS) formulation in vivo (see Figure 6e).

This shows that, in principle, the pan-endosomal protease inhibitor can improve antigén

presentation in relevant immune cells.

It was also tested whether the pan protease inhibitor could inhibit the proteolytic activity
of pathogenic species, more specifically that of the trypanosomes. It was indeed
observed that all three families of protease activities from 7. brucei could be powerfully
inhibited (figure 7).

In summary, the inventors have presented the construction of a single molecular entity
that inhibits all three major families of endo/lysosomal proteases. This broad inhibition
has been shown to attenuate destructive processing of labile proteins in vitro and to

attenuate proteolytic events within the endo/lysosomal pathway in vivo.
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CLAIMS:

1. A multi-functional protease inhibitor comprising a cystatin/pepstatin A conjugate, or a
physiologically acceptable salt, solvate, ester, amide or other physiologically functional
derivative thereof.

2. The multi-functional protease inhibitor according to claim 1 wherein the cystatin is
cystatin C.

3. The multi-functiona! protease inhibitor according to claims 1 or 2 wherein the
conjugate displays inhibitory activity against at least two of the following classes of
proteases: cysteine proteinases, aspartyl proteinases; and/or asparaginyl!
endopeptidases (AEP). '

4. The multi-functional protease inhibitor according to claim 3 wherein conjugate has
inhibitory constants against said at least two proteases of smaller than 10 OM

5. The multi-functional protease inhibitor according to any preceding claim wherein the
conjugate is soluble in aqueous solution with solubility greater than 50 nM, 500nM, or 1

pM in aqueous buffer in the pH range of 3 - 10.

6. The multi-functional protease inhibitor according to claim 5, wherein the aqueous

solution is water.

7. The multi-functional protease inhibitor according to any preceding claim, wherein the

conjugate comprises a peptide moiety between the cystatin molecule and pepstatin A.

8. The multi-functional protease inhibitor according to claim 7 wherein the peptide is

designed to facilitate solubility of the conjugate in aqueous solution.

9. The multi-functional protease inhibitor according to claim 8 wherein the solubilising
peptide is 2 to 30 amino acids in length and should be sufficiently hydrophilic to
solubilise hydrophobic inhibitor components.
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10. The multi-functional protease inhibitor according to claims 7 — 9 wherein the

peptide is designed to enable the conjugate to be targeted to desired tissues, or cells.

11. The multi-functional protease inhibitor according to claim 10, wherein the peptide is
a known targeting peptide, or the peptide is capable, through further modification, of

incorporating one or more targeting moieties.

12. The multi-functional protease inhibitor according to claims 10 or 11 wherein the
targeting peptide moiety is >4 amino acid residues long and contains at least 2 amino
acids with side chains that possess charges at neutral pH, and/or have hydrophilic

and/or polar side chains.

13. The multi-functional protease inhibitor according to claim12 wherein the targeting
peptide comprises one or more amino acid residues that do not affect the ability of the
conjugate to inhibit proteases, for example amino acids that possess negative charges

at neutral pH, or those possessing hydroxyl or carboxylic acid side chains.

14. The muiti-functional protease inhibitor according to claims 12 or 13 comprising one
or more unnatural amino acids, for example those that carry reactive side chains, such
as an azido or alkyne functionality, which can be further modified by additional
chemical or enzymatic reactions.

15. The multi-functional protease inhibitor according to claim 14 wherein the reactive
side chains on the peptides and/or modified residues may facilitate co-conjugation of

the inhibitor to another moiety, such as a targeting or solubilising moiety.

16. The multi-functional protease inhibitor according to claim 15, wherein the further

moiety is a solubilising tag, such as FLAG-tag.

17. The multi-functional protease inhibitor according to any preceding claim wherein
conjugation of cystatin to pepstétin A is through a cysteine present on the cystatin
molecule, or the cystatin may be modified, through mutagenesis techniques known to
the skilled addressee, in order to introduce a cysteine moiety which is capable of

facilitating conjugation to pepstatin A, optionally via a solubilising peptide
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18. The multi-functional protease inhibitor according to claim 17 wherein the
conjugation of cystatin to pepstatin A is through a lysine, or through unnatural amino

acids introduced into cystatin or pepstatin A.

19. The multi-functional protease inhibitor according to any preceding claim, wherein
the cystatin is cystatin C and the residue to allow conjugation of pepstatin A is
threonine 102, or arginine 77, or Leucine 117, as numbered according to GenBank:
CAA36497 .1

20. The multi-functional protease inhibitor according to claim 19 wherein said identified
residue is replaced, through site directed mutagenesis, with a more reactive residue,

such as a cysteine or azidohomoalanine, which allows conjugation to pepstatin A

21. The multi-functional protease inhibitor according to any preceding claim wherein
one or more binding regions of cystatin C is be mutated so that the inhibition of specific

proteases or families is reduced or altered.

22. A pharmaceutical compaosition comprising a protease inhibitor conjugate molecule
according to any preceding claim, together with a pharmaceutically acceptable carrier
therefore. 4

23. A conjugate or formulation according to any preceding claim, or physiologically
acceptable salt, solvate, ester, amide or other physiologically functional derivative

thereof, for use in medicine.

24. The conjugate or formulation according to claim 23, or physiologically acceptable
salt, solvate, ester, amide or other physiologically functional derivative thereof, for use
in a method of treatment or prophylaxis of a disease, particularly where it is desirable to
inhibit proteases which may be associated with a particular disease or where there
inhibition may facilitate the treatment of a disease.

25. The conjugate or formulation according to claim 24, or physiologically acceptable
salt, solvate, ester, amide or other physiologically functional derivative thereof, for the

treatment or prophylaxis of cancer, inflammatory disease, autoimmune diseases,
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parasitic disease e.g Trypanosomiasis and relevant lysosomal storage diseases, such

as galactosialidosis, Gaucher’s disease.

26. The conjugate or formulation according to cIainhs 1 = 22 or physiologically
acceptable salt, solvate, ester, amide or other physiologically functional derivative
thereof, for use in a method of enhancing the performance of a vaccine specifically by

attenuating their known tendency to be unproductively or destructively processed.

27. The conjugate or formulation according to claims 1 — 22 in combination with a

further agent(s), such as other therapeutic agents or vaccine component.

28. The conjugate or formulation according to claims 1 - 22 for use in a method of
wound healing, wherein the inhibitor when administered topically is administered in
combination with one or more growth factors, such as EGF.
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