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The pressent invention relates to amcrphous magnesium-subsitituted

i

n

calcium phosphate compezitions and their medical uses, and more
particularly to amorphous magnesium-substituted calclum phosphate
compositions for use in delivering cargoe materials, such az cargo
molecules or cargo nancparticles containsd in pores of the

ik amorphous magnesium-substituted caleium phosphate teo cells of the

immune system. In further aspecits, the present invention relates

to novel therapeutic approaches for ths treatment of inflammatory

Vimmune

bowel diseases, and in particular Crobhn’s dissase, aui

dizseases,

and for therapeutic vaccination, and the
15 amorphous magnesium-substituted calcium phosphate compositions

for uss in diagnosis.

C3101um pnospnate is the name given te a family of minerals

20 containing calcium ions {Ca®), together with orthophosphates
(PG4, metaphosphates or pyrophosphatesz (P;(:%) and hydrogen or
hhydroxide ions. One of the naturally occcurring forms of calcium
rhosphate present in bones and tocth enamel 1s biclogical
hydrozvapatite {(HA} which has the approximate formula

25 Cas (PG4 2 (0H) , usually writfen Cawg{Pla}«{OH}». In the biological

fieid, synthetic crystalline hydroxveapatite is usad in tissus

inmering, primarily as a filler rial for repairing bones
and teeth. Nanoparticles of hydroxvapatite have alszo besn

proposed as carrvisrs for drugs and have been emploved in imaging

Hydroxvapatite can be prepared in & precipltaticn reacticn of
calcium and dibasic phosphate salts in neutral or basic sclution
anc haz as its final product crystaliine hydroxyapatite.

35 However, during precipitation, a structurally and chemically
cdistinct precursor phass is formsed which is ameorphots to X-ray

diffraction, known as amorphous calcium phosphate (ACP).
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Chemical analysis of the precurscr phase iLndicates this non
crystalline phase ia s hydrated calolum phosphate. Az with other
amorphous materials, several formulas have besn proposed for ACP,

such as CTas{FCi)s.

boen used as carriers for blomo

Hydroxyapati

pvarticuiar for DNA transfection, drug delivery, and in
orthopaediacs and dentistry. By way of exampls, Chowdhury et al,
have investigated delivery of DNA to mammalian cells in culture

in the form of

depitating DNA with calcium phospha

crystalline hydroxvapatite (ses Gene, 341: 77-82, 2004; 71,
Controllied Releass, 116{2): 268-20%, 2004; Analytical
Blochemistry, 328: $6-97, 2004; U3 2007/008773086). Thess

experiments includsed using Mg?" as an agent to inhibit the growth

of particles of precipitated hydroxyapatite and DNA to avold a
loss of transfecticn efficiency associated with an increase in
particle size. However, while Mg’® was incorporated into the
apatite particles precipitated with DNA, the particles remained
crystalline. Dasgupta 2t al. reporiad the uss of Zn- and Mg-

doped hydroxyapatite nancparticles as controlled release carrvier

O]

for boving serum albumin {(Langmuir, 26(7): 4958-49%964, 2010},

However, a3 with the studies reported by Chowdhury et al., the

doped hvdroxvapatite materialsz produced retained a clear degrae

of crystallinity ln common with uvnmodified hydrozyapatite.

During synthesis, ACP rapidly converts {(in the pressnoe of
te microcrystalline hydroxyvapatite and the ilifetims of the
metastable ACP in aguecus solution has bsen reportad to be a
funcition of the pressnce of cartain macromolecules and

interfering ions, pH, viscosity, ionlc strangth and tempsrature.

v & Pusner {18732, 1874} studied the kinetics of the

nversion and found that substitublon of Ca ions in ACP by Mg
ions leads to greater stability of the amorphous state, lsssening
its tendency Lo convert through to mors cryvstalline phasss such

as hydroxyapatite. They showed that at a ratio of at least 1:253

iMg:Ca), an amorphous magnesium calcium phosphs

phase 13

sroduced that, as a dry powder, ins stable over tims.
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While the syanthesis of ACP has besn reporisd, only very limited

applications of this material have been proposed in the flelds of

dentistry and tiszsus snginsering structural material for use

w
L
i

in repalyring bonss and teseth and scaffeld for tiszus

03
i
-

c et al. (Chemistry Central

P'i

enginsering. By way cof example, Zha
Journal, 5: 40-47, 2011} describe the use of amorphous caloium

phosphate in dentistry as a composite for re-mineralilising and

repairing teeth. They report that in the pressnce of ot
and under Iin vive conditions, ACP may persist for appreciable
pericds due to kinetic stabilization in the presence of Mg?', I,
carbonate, pyrophosphate, diphoesphonates, or polyphosphoryvliated
metabolites or nucleotides, preventing the transformation of
syanthetic ACE to hydrozyvapatite. Li & Wenyg (J. Mater. 3ci.:
Mater. Med., 18: 2303-2308, 2007} reported ths zynthasis of
amorphous calcium phosphates (ACP) and wers using polyi{ethylene

glycol) as stabilizing additive at low temperaturs. They found

could ke stablilized by polivi{ethyiene glycol) in the
mother solution for more than 18 hours at 5°C with 4 w.t.%

poly{zthylene glycol} in ACP powdsrs and suggested that ACP might

be used as bicdegradable scaffold for tissue engineering.

Pever’s patches are lymphoid follicles that perform critical

immune sensing and survelllance functions in the gastrointestinal

tract. The region bhene: the Pever’s patch spithelium is
referred to as ths sub-epithelial doms (SED) and 1s enriched with
antigen presenting cells. Whole bacteria and zimilar sized
microparticles of the gut lumen can be directly phagocytosed by
specialised S5ED dendritic cells which migrate upwards and extend
dendrites through the follicle associated epithelium. For the
gsurveillance of scluble molecules and smaller particles the
epithelium contains distinctive microfold (M) cells that appsar
to zampls the lumen dirsctly and transport the sampled material

o underlying immune cells. Exactly how this cocurs and how

.

antigen, for sxample, is not degraded an routs is not undersiood.

It is also unclear why Pever’s patch M cells avidly sample non-

3
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plological nanoparticlss of ~20~250 om diameter from ths gut
lumen. Nonetheless that it occcurs is well demonstratad in
cellular and animal modeis and also for humans with normal day-
to-day gxposure Lo nanaparticles from processed foods,

pharmacsuticals and toothpaste.

Summary of the Invention

Broadiy, the present invention is based on the invenitors’ insight
from the sxperiments disclcesed herein that the most abundant non-
bicilogical particle of the mammalian gastrointestinal lumen is

cazlcium phosphate, in the form of amcrphous calcium phosphate

-

L

nanoparticies. Both Ca and PO ions arve actively sacreted into
the distal bowel lumsn where calcium phosphate super-saturabes
and thus precipitates. The szecretion of calcium by the gut is
often referred to asz endogensus lcases, bub why this should occur
is not known as it contributes little to the homecostasis of
caicium, the excreticn of which iz mediasted throuvgh urine. The
present invention is further based on the inventors’ firndings

that in the gastrointestinal tract, calcium lons and phosphate

ions precipitate and form nanoparticles and small microparticles

that trap crganic meleculss present in the lumen for delivery to

gut mucesal immune cells in Peyer’s patches and to the massnheric
iymph nodes. Without wishing teo be bound by any particular

thecry, the present inventors helieve that this contribu

gut imnuncsurveillance of antigens and other moleculss that are

in the leocal envircnment, providing a mechanism by which the

¥

antigens and other molscules are presented to or sesn by

3

the
irmmune system. The studies disclosad herein demonstrats that
this occurs naturally for bacterial peptidoglvean in experiments
in which zecticns of murine and human intestinal tissue were used
for detecting the presence of calcium phosphate nanoparticles and
the presence of pesptidoglycan, together, in specilalist gub immune
cella. This is also confirmed by showing in mice that crally fed

protein antigern, namely ovalbumin, follows this pathway.

Wnilst it has been widsly proposed that microparticulate, that is

to say micromstre diamstey sized or at least of a typical microbs

4
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si calcium phosphate may form and have function in the

“ion concerns smaller

intestinal tract, the present inven
ancrphous partis The presant lnvsntors have further shown

produced calceium phosphate nancparticles

that the endogsan

comprise an calcium phosphate phase typilcally 75 nm to

159 nm in diaméte:, aibeit as small as 5 nm and az large asz 230
nm, and Tthat they have extenslive porosity by electron microscopy.
The porosity isg typlcally 1-2 nm in diameter and iz proposed o
be in part or whcle due te incorporation of corganic molecules

that cannot be imaged by electron microscopy.

The present inventors reallsed that the uptake of endogenous
small nanoparticles by immune cells in the gastrointestinal tracth
means that synthetic mimetics of endogenocus nanoparticles might
be developed which are capabls of transporting carge material,
such as cavge melecules or nancparticles, for uptake by cells in

.

a manner analogous Lo tha dogencusiy produced nancparticles.
1

Adococordingly, in one aspech, the presant
: RaNd
synthetic mimetics of the small endogencus amorphous ca

phosphate nanoparticles and thelr uses, in particular for

o

ot
b
Qs

apprling and delivering bicleogically active carge materials, suc
as cargoe molecules and/or nanoparticles, for use in both
therapeutic and diagpostic applicstions. Accordingly, in this
aspect, the present inventicn relates Lo 2 Composition Comprising
anorphous magnesium-substituted calcium phosphate (AMCP}, wherein
the amorphous magnesivm-sulkstlituted calcium phosphate entraps a
biologically active carge material for delivery to a site of
interest. In a related aspect, the present ilnveniion provides
amorphous magnesiun-substituted calcium phosphate compositions
for use in delivering cargoe materials, wherein the amcrphous
magnesium-substituted calclum phosphats entraps a carge material
for usse in therapy. In a related aspscht, the present invention
providas amorphous magnesium-substituted calclum phosphats
compozitions for use in delivering carge materials, wherein the
amorphous magnesium~zubstituted calcium phosphate entraps a cargo
material for use in a method of diagnosis using the cargo

material and related methods.
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In a related azpect, the present invention provides &
compesition for use in a method of fTreating or wpreventing a
condition by delivering a biclogilcally active cargo matsrial to

o the gastrointestinal tract, wherein the composition comprises
amcrphous magnesivm-substituted calcium phosphate (AMCP} which
entraps the bicleglcally active cargo material, thersby sanabling
the cargo material to be delivered teo a site of interest in the
gaztrointastinal fTract.

)
%

In a further agpect, The present invention provides a method of
treating or preventing a condition by delivering a biclogically
active cargo material te the gastrointestinal tract, the meithod
comprising administering to a subject in need of treatment a

15 composition comprising amorphous magnesiuvm-substituted calcoium
phosphate {AMCP} which entraps the biologically active cargo
matarial, thereby snakling the cargo matsrial to be delivered to

& zite of interest in the gastrointestinal tract.

a0 In a further aspect, the present invention provides &
composition for use in a methoed of treating or preventing
inflammatory bowel dissases, such as Crohn’s disease or cosllac

by d=

ivering a biclogically active carge material to

the gastrointestinal tract, wherein the composition comprises

AN}
%3

amcrphcous magnasiuvm-substituted calcium phosphate {(AMCP) which

entraps the biclegicallyv active carge material, thersby snabling

ial to be delivered to a site of interest in the

the cargo

gastrointestinal tracth.

30 In a further aspect, tThe present invention provides a

composition for use in a method of treating or preveniting an

autclmmuns < ase, by delivering a bilologlcally active carygo
material to the gastrointestinal tracht, whereln the composition
comprises amorphous magnesium-substituted calclum phosphate

35 (BMUPY which entraps the hiclogically active cargo material,

t

thereby enabling the carge material to be delivered te a site of

.

interest in the gastrointesztinal tract. Examplss of aubsimmune

)]
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diseasss include multiple sclerosis, coeliac diseass, type 1

diabetes and Systemic Lupus Brythematosis {3LE;.

Iin a further aspect, ths presesnt invantion providss a
composition for use in a msthod of treating or preventing allergy
hy delivering a biologically active caxgo material to the
gastrointestinal tract, wherein the composition comprizas

anorphcous magnesium-substituted calcium phosphate {AMCP) which

sntraps the biologically active cargo material, therebyv =nabling

tec a site of intersst in the

1
b}
o]
1)
D
—
Y
<y
D
a1
)

the cargo mat

strointestinal trach.

%

ge

In a further aspect, the pressnt invenition provides a

composition for ussa in a method of treating or praventing cancer

by delivering a biologically active carge material to the
gastrointestinal tract, whersin the compozition comprises
amorphous magnesiuvm-substituted calcium phosphatse {(AMCPE) which

entraps the biologically active cargo material, thereby sgnabling

cargo matarial to be delivered o a szite of interest in the
gastrointeztinal tracht. Examples of medical uses of the present
invention relating to the treatment or prevention of cancsr,
example Myeloid Leukasmia, such as Chronic Myslogenous Leukaemia
{CML) , Acute Lymphoblastic Leukaemia and Acute Myelogenous

Leukaemia (AML).

In a further azpect, the present invention provides a method of
delivering a biologically active cargo material to a csll, ths

-
g

method comprising contacting thes cell with a compositi@n

comprizing the hiologically ac
amorphous magnesium-substituted calcium.phosphate {AMCP) =30 that
the composition disperses to form nancparticles that are capable

of peing taken up by the cells, thersby delivering the

biologically active cargoe material to the cell.

In 3 furthey aspect, the present invention provides a procsss for

producing amorphous magnesium-aubstituted calcoium phosphate

3
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compositions that contain entrapped biclogically asctive cargo
material, the process comprising:

{a) providing a solution comprising calcium ions {(Ca?hy,
magnesium ions (Mg?') and a solution comprising phoaphats lons
{FOs#7}, whereln one or both of the solutions comprise one or more
biclogically active cargo materials:

(b} mizing the solution comprising calcium ions (Ca?n,
magnesium ions (Mg iwith the soluticn compriszing phosphate iona
(FO&TY to precipitate amorphous magnesium-substituted caloium
phozphate in which the kioclogically aciive cargo materials are

antrappad;

{c) recovering the amorphous magnesium-substituted calclum
rhoaphats: and

(d} opticnally washing and drying the amorphous magnesium-

tuted calcium phosphate.

The present inventors have found that after svyvnthesis, the
amorphous magnesium-substituted caloium phosphate comprise

aggregated nanoparticles that are capable of dispersing to

par}

O
b

deliver the biclceglcally active cargo molescule Lo the zite
interest. This has the advantage that the materials form

nancparticles in bkbiological envircnments for the delivery of the

cargo, whlie being sasy to purify and process after svnithes
Advantagesously, the amcrphous magnesium~subsatituted calcium
phosphate compositions disperse efficiently in agusous
environments in the presence of protein, adapting them to
delivery of the carge material in in vivo zettings.

In some applications, the prasent inventors found that the
amorphous magnesium-substituted calcium phosphate compositions of
the present invention have the significant advantage that they
ars a silent delivery platform that does not causse an adiuvant

and/or a direct transcriptional response to the nanoparticles at

=2
I
1

the site ¢of interest. For exampls, cslls t© have ap and

ntially to the response to the biologically active cargo

5

procezsed the nancparticles do nob have a response that diffars
sta

material alone and/or to unchallenged contrel cells.
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Accordingly, in some instances, the amorphous magnesium-
substituted calcium phosphate nanoparticles ars silent in ths

sanse of not modulating a direct transcriptilonal responsse that

o
in
o
b
Q

differs bhetwesn cells challenged with the nanoparticl
unchallenged control cslils, preferably as assessed within 3 hours

of exposure to the amorghous magnesium-ule*‘fifﬁd calcium

phosphate nancparticlies. This may be determined in an experiment
based on Figure 10 in which it was shown that this correlation in
the direct transcriptlconal response of gsnes to the synthetic

AMCE compared to novmal cells preferably falls within a rangs of

two~-fold up and two~fold down regulation.

This feature distingulishes ths compositions of the present
invention from prior art deliverv sysitems where the material from
which the delivery agent is formed produces an adiuvant response
in addition o the rezponss caused by a delivered antigen. In
some embodiments, the amorphous magnesium-substituted caloium
whosphate compositions of the pressnt invention can be used Lo
varget delivery of the cargo molecuies to cell types that

raferentialliy take up the nancoparticles. By way o

]

iliustration, this includes cells in the gasztrointestinal trac
such as ths antigen presenting immune cells of inteatinal
lymphoid follicles. The cell types that preferentially taks up

the nanoparticles inciude antigsn preszenting B cells but are

ezpecially dendritic cells and macrophages, such as CDllib and

Chiic positive cells.

Alternatively or additicnally, the present inventors further

found that the amorphous megnssium-zubstituted calcium phosphate
compositions of the present invention have the significant
advantage that the compositions are stabhllised in an amcrphous
phase by the magnesium lons and/or the bhiclogically active cargo

material. In this connection, in the field of incrganic

chemistry, 1t has been rescognised that substitution of
in ACP by Mg® icns leads to greater stability of the amorphous

state, lessening its tendsncy to convert through to mors
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yvstailine phases Boskey & Posner {1973, 1974} showed thalt at
a yratio of at isast 1:25 (Mg: Ca), an amcorphous Mg Ca POy phase
could be produced which, as a dry powder, remains stabls over
time. However, the present inventors recognised for the first

time that during its synthesis, amorphous calcium phosphatse

3 by magnesium lons {AMCP 1z especially useful to trap
a wide range of cargo materials, including cargo molecules, such

as proteln antigens, bioactive cyiokines, psprtidoglyeans, low

moiscular welght organic molecules, and cargo nancparticles, such

., This in turn opsens up & range of

as incrganic nanoparili:

the amorphous magresium-subshii

different appliications
calcium phosphate compositions of the present invention.

Specific examples of carge molecules include, but ars nob limited
to, muramyl dipeptids (MDP), lipopelysaccharides (LP3},
pelvinosinic: polyvovitidyvlic acid {Poly I:C) and retincic acid

{RAG .

In addition, the present inventors found that the synthetric

processes of the present invention may be used to form amorphous
magnasicm-substituted calclum phosphate compositions (Mg, Ca, PO4)
in which the cargoe moleculses asscclated with the compoesiticn is
at least partially incorporated within the material, rather than
simply being bound to the surface of particles. This meanz that
the amorphous magnesium-substituted calclum phosphate composition
templates around the cargo materlal to aome sxtent gilving ths
pearvance of the formation of porous materials owverall., In

ther words, by co-precipitating the amorphous magnesium-

o}

upstituted calclum phosphate compositions in the pressnce of

@

sther cargo materials, isads to at least soms of thess othar
cargo materials becoming entrapped in the material during ths
synthesis, Advantageously, this may bettser protect the cargo en
route to the target csil in vive comparad to if the cargoe wers

oniy adsorbed to the surface.

Moreover, the present invention demcnstrates that amorphous

magnesium-substituted calolum phosphate cowposziticons of the

pregsent invention are capable of dispersing to form nanoparticles

i
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containing carge materials that are amenabls to uptake by oslls,
leading to the relesase of the carge matervials upon cellular

digestion, and conssequently providing a typical cellular rasponse

te the cargoe material. For srample, bacterial peptidoglyvean may
be trapped by amorphous magnesium-substituted calcium phospharte
compoesitions and, when delivered teo celils, will yvielid the
producticn of cyitokines {(IL-10; IL-T1; TNFa stc.) typical of
bacterial peptidogivean. BAs stated above, the preassnbt inventors
surpriszingly found that the particls-smbedded carge faithfully
recapitulates the cellular signals derived from the cargo alons,

i.e. there 1s no attenuation of signalling in either direction.

Advantagecusly, the amorphous magnesium-substituted calcium

ard safe for uptake by

phozphats nanoparticles ars rnon-to I

It is generally recognised in the art that amorphous

5 are safer for ceils than crystalline particles. Cellis
are exposed to and take up the nanoparticlies of the present

invention do not die, unliike with protractsd exposure to the

calcium phosphate hydroxyapatite, for example.

Morecover, the amorphous magnesium-substituted calceium phosphate
compositions of the present invantion mayv be uszed to co~-deliver

two or mors different cargeo material. For example, the

experiments describad herein have zhown that 1f peptidoglilvcean and
antigen are both present, then the ensuing T cell responsse to the
antigen is significantly reduced due to IL-10 being secreted due

to the presence of the peptideglvean.

In a further aspscht, the prasent inventiocn is bassed on the

chzervaticn that the cells that endogencus amorphous
phosphate nanoparticles ars assoclared with in the gut show
reduced sxpression ¢r ths absence of the protein programmed death
ligand one (PD-L1} in Crohn’s disease, that is otherwise present
in the ceorresponding healthy cells. PD-L1 is a tolerance-
inducing molecule which implies that the cause of the dizease may
be related to the failure of these cells to sxpress PR-LL.

Aecordingly, in this aspeci, the present invention provides an

11
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agent for use in a met

such as Crohn’s diseass,

{fa) up-regulating the expression

Li protein; or (¢}

otherwise activating FD-L1 on zome

of the intestinal lymphoid follicles. In

invention provides a pharmacsutical

i
b
D
s
]
o
it

comprises auch an agent,

cargo material within an amorphous

phosphate mat

In a further aspect,
capabie of promcoting PD-L1 expreasion
immune cells of intestinal lymphoid follic
digease.

of treating Crehn’sz

Frmbodiments of the present invention

of sxample and not limitation with
However warious

figures. further aspects

present invention will be apparsnt to thoss
view of the present disclosure.
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diseass
s the property of
{0}

activating PD-

inhibitving repression of PD-L1 expression; or

[}

tha

composition which

wherein the agsnt is entrapped asz a

caloium

agent

lgen presenting

for use

be described by way

reference To the accompanying

the

to be taksn aszs specific disclosure

wiith or

is to be taken as

and |

iiil) A and B,

cut individealliy herein.

criptions and

limited to any

7
iy Z
described.

in a method

in the art in

Figure 1. S57EM characterisation of synthetic AMOP nanoparticles:

a- High angle annular dark-Tield STEM image of syanthetic AMOP
M 2 P Y

iz
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particle clusters (Scais bar 20 nm) and b~ sxample elemsntal

composition by energy dispersive X-ray micrecanalvsis., a-a- A

¥

Ty

series of orthoslices of a synthetic AMCF particle (Scals bar 20
nm) revealing 3 dstailed inner structurs {(f-1) from the
reconstructed volume {f) by means of several crithoslices through
the XY plan and (g~1) transparency views through the YZ, ¥Z and
XY orientations, respectivealy.

Figure 2. A. Transmission slectron microscopy and B. 3D

tomography raconstruction of AMCP particles formed in the

presence of iron oxide nanoparticisass {(zee Hxample 8) and showing
how some are btrapped within the AMCP as shown in C-D. E %
incorporation of B3A and Py in AMCP particles as preparsd in
examples 2 and 3.

Figure 3. A, IUP-GES analysis of Ca and P elements present in

]

after dilution in tiassus

i
o
=
[oN

AMIP particles following synbthesis
culture medium, B Sizs distribution of AMIP particles preparad as
in Examples 2 and 4 {(after re-suspension and dilution in tissue

culture medium) and analvsed by nanotacking analvsis (NTA} using

the nanosight,.

Figure 4. A. Mean percentage of dual Calcesin high CDIGTa ¥

by

21
Cold+ APC within PBMC after 3 h incubation with AMCP/BSA and
AMCP/BSA/Pg as measured by flow cytometric imaging {n = 4}. B,
Fepresentative images of CDl4+ cells showing internalized

particles {Calcosint) and particle co-localisation with the

o~

lyvsoscomal marker CDId7a measured by flow cybtomet imaging {data

from PEMC of 1 hsalthy contrel 1s shown). B.Zignal log ratios

Tor AMCR/BSA/sPg ve. control were plotied on the y-axis,

SLR for sPg vs. control were plotted on the x-axis. Bach dot
represents a single gene. The curve of perfect correlaticn was

averlayed on the data and borders corresponding to linear 2-fold

up-/down~reguiation {traditionally the minimum fold change
reguired o indicate a potential ‘difference’) calculated by

adding +1 or -1 to each point of the line of parfect correlaticon.

fomi
(€8]
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Figure 5: Dual Carriage of Lipopolysaccharide {LPES} and T cell
antigen PRD inhibits PPD antigen specific CDE+ T cell
proliferatic Top ieft: Ezample flow plots showing CD4+ON3+
dlviding cells (CFSE low) in a CFSE proliferation assay;: cells

5 within a live lymphooyte gate were gated for D4 and plotted D3
versus CFSE, Top Right: Proliferation of CD4+CDI+ T cells in
PRMC at dayv 5 in response to soluble and particulate PED
antigen/antigen—-LP3 combination Average data from 5 PPD

‘it the PREMC

rasponders 15 shown. CD4+ID3+ CFSE low cells wit
10 population in response to stimulaitlon displaved as stimulation
indiges. PBottom: Further CFSE CD4+CD2+ T cell preliferation T
cell assays with FD-LI and IL~10R blocking. Avarage data from &
PPD respondsrs 15 shown. ALl Proiiferaticn assays a PRD
response was considered significant 1f the proliferating fraction

) was 2% or more and had a stimulation index of 4 or above,

Figure 8. IL-1 8 secreiion from FEMC that were fivst pre-

e

stimulated with LPS for 3 nours (10 ng/ml, striped columns), or
without (sclid columns), to induce pre-ILIR and then further
20 incubated {3 hoursy with a negative control (i.e. tissue culture

pee

medium), AMIP/RBSA (A-B}, sFg and AM

P/RSA 3Py {T-D) .
Figure 7. IL-1p (&) and IL~-10 (B} responsss in PBMC thalt were
stimulated with or without LPS (3 hours; 10 ng/ml} and then

25 challienged with and AMCP/B3A/zPg for another 3 hours (n=2).

Supernatants were analysed after 3 hours challengse

additional chasse of 21 hours.

Figurs 8. Confocal micrographs of Pever’s patch intestinal cells
30 in  health {&; grey} and Crohn's diseaze {B; bklue) showing
internalised AMCP {green) and induced or lack of PD-LL (rad) in

heaith and diseass, respectively.

Figura %. X-ray diffraction patterns of calcium phosphate

(5
(o

nanoparticles prepared in {a) the absence of both magnssium (Mg

I

and bovine serum albumin {(BSA)}, (b} in the presence of {.%mM (Mg;

i4
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‘

final concentration}, (o) 1.8 mm Mg, (d) 1.8 mM Mg and B3A, (&)

3.6 oM Mg and (£} 2.6 mM Mg and BEA.

FPigure 10. Averags log?2 exprsssion valuses of genss, after 3 h
exposure to synthetic AMCPE, correlated against tho of wvehicle

ent {n=7) and demonstrating that cslls challenged

control treat
with protein~igaded synthetic AMCP pancparticles displaved a
similay transcriptomic ‘zignature’ o that of unchallengsd
{controly ceils. Theoretical line of perfect correlation is
shown in the central line while the bordering linea correspond to

twofold up- and down-regulation,

Figure 1i. A~ Caecal patch displaving evident calcein staining
{green) in the sub-eplthslial area indlcating that, in addition

to Feyver’s patcohes, immune-active lymphoid patches of the

&

appendix alsc Lake up the erndogencus nanomineral. HNuclei are

jsh)

3

shown in grey; Scale bars 50 uym. B- Murine mesenteric lvmph nodes

showing significant numbsrs of AMIP {gresn) nancminsral+ cells.

Detailed Description

Amerphous celciuvm phosphate
Amorphous Calcium Phosphate (ACF) la unigus among all forms of

ol

calcivm phosphate in that it lacks long-range, pericdic
scale order of crystalline caiclum phosphates. This means that
ACP can be recogniszed from its broad and diffuse X-ray
diffracticn patiern with a maximum at 25 degrees 2 theta, and no
othear different features compared with weil crystallized
hydrozyapative, Additicnally or alternatively, amorphous calcium

ilcium phosphate materialza in

phosphates may be characterised as o

which analysis by XRD shows the tyvpical broad band pea

ing at

approximately 31 Z-theta and extending from 22 to 36 Z-theta

n

{e.g. diffractograms d-f in Filgure 9. Note that thisz bread band
is distinct from the much sharpsr psak at 32 2-theta which is
prasent in hydroxyvapaltite materials (e.g. diffractograns a-c in
Figure 9). Ths broad XBEDR band iz also characteristic of the
amorphous magnesium-substituted calcium phosphate compositions of

the preasent invention as shown in Figure 2. In contrast, the XRD

15
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diffraction patternzs for the at isast partially crystailine
materials of Dasgupta et al. and Chowdhur et al {supra) more
closely resemble those of hydrozyapatite, The comparison ¢f ths
X-ray diffraction patterns for amorphous calcoium phosphate and
crystalline hydreoxyapatite 1s shown in Figurs 9% and the skilled
person can readily determine whether a form of calcium phosphate
iz amorphous by X-ray diffraction, by comparing ths patterns with

those shown in Figurs 9, Undsr electron microscopy, the

morpholiocgical form of ACP is shown as small sphersidal partis
in the scale of tenths of nanometer. Accordingly, as used
herein, ACP and AMIP (Pamcrphous magnesium substituted calcocium
phosphate™) refer to such amorphous forms of calcium phosphate
and do not include crystalline forms of calcium phozphate, such

as hydroxyapatite.

In general, the present inventors have found that when the
amorphcus magnesiuvm-zubstituted calclium phosphate compositions of

the present irnvention are synthesized, they arve produced in the

%
Pt R4 - £

form of agglomerated particies thai are amenable te purification,
for example by filtration and/or centrifugation, and processing
esing other technigues, such as drying and formulating the
materials in compositions for storage and use. It will be
apparent to those skilled in the art that an appropriate
exciplient may be added to the formulaticn to minimise or prevent
aggregatlion during drying or cther manufacturing processss,
However, the present inventersz have advantageously found that
whan the amorphous magnesium-substituoted calcoium phosphate
compositions are deliverad in an aguated environment that would
exist colinically oy in a biological environment, that the
materials re-disperse in the form of nancparticles having the

characteristics describad hersin., This means, for example, that

nanoparticlias have a size compatible with cellular uptake.
Accordingly, as used hersin, “an aggicomerate” refers to a
refatively loosely bound collection of particies, which are

apable 0f re-dispersing into the individual particles, such as

naneoparticliss, in response to changing environment.

oy
[
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Preferably, the amcrphous magnesium substituted calcium phozsphate

compositions employed in the present invention have the following

charactaristics, Preferably, the ratic of Mg te Ca in the
amcrphous magnesium-substituiad calolum phosphate composzitions is
at least 1:25, optiopally ab least 1:20, optionally at least
1:10, opticnally at isast 1:5%, opticnally at least 1:4 and most

coptionally at least 1:3.

Generailyv, when the amorphous magnesium-substituted calcoium

te compositions are in aguated form, for sxample upon
delivery, they disperse to form compositions of nanoparticiass.
Genarally, tThe nancparticles have mean diameters within the size
rangs of 5 rnm to 500 nm diameter, mean diameters in a rangs
between Z0 nm and 350 nm, more preferably mean diameters in a
range betwsen 20 nm and 200 nm, mors preferably mean diamsters in
a range betwsen 20 nm and 150 nm, more preferably mean diametsers
in a range between 75 nm and 150 nm.. Within a given size rangs
it iz prefery=d that at least TE% of the nanoparticles of

amorphots magnesium-substituted calcoium phosphate have an average

diameter in the range, and mors preferably that at isast 90% of
the nanopa cles of amorphous magnesium-substitutad calcium
rhesphate have an avsrage diameter in the range. Particle size
may pbe assessed by Nancparticle Tracking Aralvzis, for example
veing a Nanczlight NS5O (Nanosight, Amesbury, UK} using NTAZ.2

Analyvtical Scftware.

explained below, the amorphous magnesium substit

phosphate compositions of the presant invention appear porous as

they have entrapped cr templated around the carge materials auch
as cargo molecules or carge nanoparticles. The porosity of the
amorphous magnesium-substituted calcoiwm phosphate compositions
represents a combination of true pores and pores partialliy or
totally containing crganic cargo for which the electron

microscops is ‘blind’ as it shows regions of mineral and their

holes being ragions {porss) of non-mineval. This can be cbhservad

by TEM, better by STEM and best by 3TEM tomography. BET or

sycury intrusion can provide measurss of the true pores that arve

77
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not occupied by cargo. Typicallyv, the size of the pores in the

o o

3 are 10 nm or less, more preferably Snm or less, and

nanoparti

most preferably about 1I-3 mm. Generally, when they are in the

form of nancparticlas, the amorphous magnssiuvm-substituted
alcium phosphate particles are approzimately sphercidal or

elongated sphercidal in shape.

The stability of the amorphous magnesiuvm-substituted calcium
compositions of the present invention ig a key advantags of the
matzrials of the present invention and this arises, in part, from
the presence of magnesium ions in the material. 2amorphous AMUP
(Mg Za POy} phasze could be produced which, asz a dry powdsr,
remains stable over time. Preferably, this contalins at least ons
Mg atom for svery 25 Ca atoms and no more than one Mg ion for

very one Ca ions. More preferved Mg:Ca ratios are abt least

I

1¢20, mors preferably at least 1:10 and more preferably at lesast
15 Mg:Ca ions, more preferably at least 1:4 My:CTa ions or at

least 1:3 Mg:Ca ilons.

Computational Medelling of Magnesium Substituted Calcium
Phosphate Nanoparticles
First principles DFT meodelling was undertaken using the CASTEP

citsohrife

("

iClark et al: Filrst principles methods using CASTEP. I«
filr Kristallographie: 220 (5-6}: 5&7-5370, 2005) plane-wave
simuiaticon code. Small precurscy calcium phosphate clusters
reprasentative of the early stages of particle nucleation, were

constructed and simulated.

Posner’s cluster {Foaner, Acc. Chem. Ras., 8: 273-281,

{Cas (PO}, 13 considered to be a precursor te the forma

crystalline apatite. This structure was used as a starting modsl

but the formula was changed to reflsch an experimental measured

composition, MogCar{PQsle. Analvsis of the clusters’ geomstric
structure and stabllity were carrisd cut., The stabllity was
aszessed In thermodynamic terms, ing formation snergy analysis.
This analysis 1lad to the fellowing rezults. At the

experimentally measursd composition above, hthe cluster is more

18
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stalle with magnesium than with calcium. This is not trus of

Posner’

6]

cluster, where the magnesium substituticn in not

favourabla,

To makse a magnesium substitution in crystalline hydroxvapatite

{(HA}, energy is reguired and hence the formation energy of ths

substift is positive. The formation energy of the same
substitution in the experimentally measured compositicn cluster
iz nsgative, and herce more favourable. This shows that

m

’1)

zgnesium in the experimental clusher stabilizes the amorphous

structure againsgt crystallisation, Thse most favourable position
for the magnesium substituntion is at the very csntre of the

cluster. This is the positicon where the magnesium 1on is most
stabkle

AY)

The geometry of the cluster iz much “loozer” when comparsd to

both thse substituted Posner’s cluster and the cluster withouth

magnesium. Compared to a substituted Posner®s cluster, the Mg-P

distance in 2.5% largsr and the P-2 distance 5% larger. The
cluster loses its apherical geomstry, zhowing a more amcorphous

lecoking cluster with weaker bonding.

Trapped carge matezxial
Experiments describsd herein show tThat 1t is possiblie teo trap ons

or more carge materials in the amorphous nmagnesium-~substituted

caloium phosphate compositions of the praseat invention
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Total Organic Starting Synthesis Synthesis Synthesis
weight | material Ca:P:M Ca:P:Mg Ca/P molar (Ca+Mg} /P
{mg) {ug} {n=2) {n=2} ratio molar ratio
{n=2) {n=2)

AMCP 2.19 o= $1:1.3:0. 11:0.92:0.18 1.11 1.2%

TRMGBy T S o - - - .
Avidin

{AMCR/BS T 2.39 242.9 1:1.25870 {190,607 18 7 1711 T 28
: A : .25

AMCP/BS | 1.98 | 315.7 { 1:1.27:0 :11:0.98:0.1 1.02 1.19
A/DGN ' .25 , 7

{ AMCP/BS | = 245.8 - j P - 1 o

Uamce/BS T - 46.0 ~ | ~ R z
a/ {Starch) :
Starch

[AMCE/BS |- 240.5 ) = - | - =

AMCP/ES s 51“4-10_ S -~ - ¥ -~
A/ 3 (TSLP} ‘
TSLP

{n

fenad

[

Kanoparticles az Carge Materials
Nanoparticle structures may have Therapeutic benefit elther

directly themselves or due to the carriage of a therapsutic

within, B8Bmall nanoparticliles, gensrally <20nm, preferably <15 nm
and most preferably <10 nm in diameter may be readily
incorporated in the amorphous magnesivm-zubstituted calcium
compositions of the present invention. This may havs the
advantage of targeting the small nanoparticlss to where,
otherwise, they would not be directed. For sxample, interfering
RNA for pandsmic flu mayv be incorporated in small nuclear-
targeted nancparticle which itself iz incorporated in an
amcrphous magnesium-substituted caloium composition to allow
initial upper alrways delivery by inhaler or similar device and
enabling the amcrphous magnesium-substitutad caleium composition

o di

ot
93]
[¥5]

solve in lung lining fluid before relsasing the smaller

particles for further travel and delivery to deeper epithelial

cells.

A second example is therapeutic iron., For sxamplie, it may be

o3

esirable to bypass or reduce gastric degradation. An example of
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this is nanoparticulate iron hydroxidaes like the ferritin core
that cone may wish o deliver to the small intestine intact zo
that they are taken up whole in thes small intestine through
endocytosis and then dissclve intralyscscmally for Fe

utilisation.

In other aspects, ths present invention allows the delivery of
metal nancparticles or metal oxo-hydroxide nancparticles, such as

iron or copper nanoparticles, or guantum dots using the amorphous

magnesiun-zubstituted calcium compositions, which may be

desirable for experimentation for example, allowing the
particle’s cargo to be tracked, both in in wvitre and in wvivo
systems. Accordingly in a further aspsact, the present invention
provides a composition for use in & msithod of diagnosis
comprising amorphous magnesium-substituted calocium phosphate
{AMIP) which entraps a cargo material comprising a detectable

molety, such as a label. In cne embodiment, this may involve

delivering a carge material teo the gastreintestinal tract,

thereby ng the carge material to he delivered to a sitse of

interest in the gastrointestinal tract and detected using a

&
technique capable of detecting the detectable moletv.

In a related aspect, the present inventilon providss a method of

diagnosis which comprises administering to a sublsct a

g amorphous magnesiuvm-substituted calcium

composition comprising
phosphate {AMCP} which entraps a cargo material comprizing a
detectable meoilety, dellvering the amorphous magnesium-substituted
calceium phosphate comprising the cargo material to the

gastrointeatinal tract, and detecting the detectable moiety.

Vaccines ag Largo Materials

’O

4]
&
EJ
y
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Therapeutics may regqulrs a) targefing to a s bvpe
and/or b) to be protected from digestion during gastrointestinal

transit. The amorphous magnesium-szubstituted calcium phosphate

composition of the present invention wmay offer advanitagses in both

cases. First by targsiting APCs and/or thelial cells

i1
2]

whether given orally, rectally or parenterally. Por the reason

21
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sett cul hersin, amorphous magnesium-substituoted calcoium

composition of the present invention are well sulted to delilvery

of cargo matayrials to the Peyer’s patches and to Mesenteric Lymph
Nodes (MLN}. Secondly, by providing some protection to digesticn
from enzymes. An example would be vacclination. The vaccine,

which comprise one o0r mere one cargo moleculss,

incorporated in amorphous magnesiuvm-substituted calcium

compositions to achieve both or ons of the goals above. A second

example lz therapeutic delivery in inflammatory bowel disease,
rheumatoid arthritis or other inflammatory or aniosimmune

disorderz. 1t may be beneficlal for a speseific therapeutic such

az stercld, methotrexzate, azathioprine ov even locgicals’ that
are uszed as non-targeted thesrapies to in fact be packaged in
amorphous magnesium-substitutaed calclum ccmpositicns of the

present invention and tavgsted toe APCs and related ocells,

Without wishing te be bound by any particular thecry, the presast

inventors believe that amcrphousz magnesium-substituted calcocium
phosphate compoesitions may be used fo treat conditions such as
autoimmuns conditions, inflammetory bowel disease, rhaumatoid
arthritis or other inflammatory disorders by inducing oral
tolerancs to dampen systemic anddor leocal responses that underliie
these conditicns. While orally consumed materisals that have not
been digested mav be trapped by endogenously producsd calcium
phosphate nancparticles and carried to relevant csils, this

process 1s relatively inefficisnt compared to ths cellular

expostre to a cargo material already prasent in the aynths!

amorphcus magnesium-zubstlitutsd calclium phosphate compositions of
the present invention.

Mucleic Acid Cargo Moleculss

The amcrphous magnesium-substituted calcium phosphate
compositions nay s used to delilver carge matserial that is
nuclelc acid seguences, for example to ohtain expression of the
nuclelc acid seqguence in a cell, delivery of short nucleic acid
seqgquences for gene knock down and 30 on. Generally, ths nucleic

acid may b2 a naked ssquence or else ilncorporated into an

N
v
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expression vector. HNucleic acid may be wholly or partiaslliy
synthetic and mav include gencomic DNA, ciDNA or ENA. Where
nuclelc acld according to the invention includes RNA, reference
to the segquence shown should be construaed as reference o the ENA

eguivalent, with U substituted for 7.

(021

Nuclelc acid zequences, for example encoding all or part of a
gene and/or its regulatory elements can be readily prepared by
the skilled person using the information and references contained

10 herein and technlguss known 1in the art {(for example, sae
Jarwbrook, Fritsch and Maniatis, Molecular Cloning, A Laboratory
¥Manwal, Cold Spring Harbour Laboratory Press, 1989, and Ausubel
et al, Short Protocols in Melecular Biology, John Wiley and Sons,
1992 . These Techniguesz include (i) ths use of the polymerass

15 chain reaction (PCR} to amplify samples of such nucleic acid,
e.g. from genomic scurces, (ii} chemwical synthesis, or {iii}
ampiification in E. coli. Modificastions teo the nucleic acid
sequences can b2 made, €.g. using zite directed mutagenesis, to
taks account of codon preference in the host cells used to

20 express the nucisic acid. PCE technigquesz for the amplificaticon
of nuclele acid are described in U3 Patent No. 4,683,135,
Feferences for the gensral use of PCR technigues includs Mullis
etz al, Cold Spring Harbour Symp. Quant. RBiol., 51:263, (18873,

R

Ehrlich {(ed.), PIR Technology, Stockton Press, NY, 1989, Thrlich

25 et al, Sclence, 252:1642-165%0, (1981}, "BCR protocels: B Guide to
Methoda and Applications™, Eds. Innis et al, Academic Preas, New
York, {19930},

In order to obtaln expressicn of a nucleic acld segqusnce, 1t can

30 pe incorporatsed in a wvector having control sequences operably

Linked to the nucleisc acid to contrel its sxpression. The vachor
may includs other ssqguences such as promoters or enhancers to
drive the szpreszion of the inserted nuclielc acid, nuclelc acid
sequences so that the polypeptide encoded by the gene is produced
25 as a fuslon and/or nucleic acid enceding secretion signals so
that the polvyvpeptids produced in the host cell iz sscreted from

the cell. Sultable vectors can pe chosasn or constructed,

2
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containing appropriate regulatory seguences, lncluding promoher
seqguences, terminator fragments, polivadenylaticn seguances,
nhancar ssguences, marker genes and other seguences as

appropriate. Vectors mav be plasmids or viral,

phagemid, as appropriate., For further details see, for exzample,
Moleculiar Cloning: a Laboratory Manual: Znd edition, Sambrook et
al., 1989, Ccld Spring Harbour Laboratory Press. Many known
technig and protocols for manipulaticon of nuclelc acid, for
example in preparation of nucleic acid constructs, mitagsnesis,
saguencing, ilntroduction of DMA into cslls and gene exprassion,
and analysis of proteins, ars described in detail in Current
Protocols in Molecular Biology, Ausubsl et al. eds., John Wiley &
Sons, 19282, The nucleic acid or expression vechors may bs
transfected into targst celils using the nanoparticles into which
the amorphous magnesium-substitutsd calcivm phosphate
compositions of the present invention dispsrse in use so that the
nucleic acid encoeding a gene of interest is expressed in the

target celis.

Polypaptide Cargo Molecules

The amorphous magnesium-substituted calcium phosphate

nanoparti may bs used to deliver carge meleculss that are
peptides or polyvpeptides, for example protein antigens or
cytokines. Polypeptides az used hereiln includes polyvmers in
which the monomsrs are anino acids and are joined together
through amlde bonds. The amino acids forming polypeptides may
inciude unnatural amino acids, such as f-alanine, phenylglycine
and homcarginine, or aming acids that are nobt nucleic acid-
encoded, and/or amino acids that have been modifisd te inciude
reactive groups, glycosyviation sites, polvmers, therapeutic
moletiaes, bilomolecules and the like may also bs ussed in the
invention., ALl of the amino acids used in the present inventilon
may bs elther the D - or L forms. The uss of the naturally

goeurring L-isomer 1

i

genarally preferred.

e

The methods described are applicabls to any size or typs of

polypeptids from single amince acids and pasptides to polypeptides

24
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and proteins having mcelecular weights of up to cr over 100kDa,
and in exceptlonal cases, such as ferritin, of up to or excesding
1 million kDa., Accordingly, while for convenience, the methods

-

hersin are generally described by reference to “polypeptides

this should be taken to include shorter seguences of amino acids

an

fe.g., from 2, 3, 4, % cr 10 aminc acids in length to 30, 40 or

5¢ amine acids in lengthl, sometimes referred to in the art as

paptides, as well as to larger polypesptides generally referred to
as proteins. The term should also be taken to include

14 polyweptides having secondary, tertiary or quaternary structure
generally referred to asz proteins, as well as multi-domain

rotelns or other critical proteins and polypeptides in disease

el

process.

is Examples of suitable classes of polypeptides includes interferons,
interleukins, chemokines, lymphokines and cvtokines, for example
for conditioning and cell -re-sducation, allergens (i.s. oral or

systemic), bacterial proteins and avioimmune proteins.

20 Microbial-Associated Molecular Patterns as Carge Moleculss
The amorphous magnesium-substituted calcium phosphate
compositions may be used to deliver cargoe molecules that
encompass microbial-associated molecular patierns {(MAMPs), such
as peptidoglycans. Examples of MAMPs includs

-

Lipopolyzaccharides, muramyl dipeptide, lipotochsic ascids or any

i

]

[

-

moiecules that can engage the cellular toll-like receptors and/or
intra-cellular NOD-like raceptors and associated family members.
MAMPs can bs used for either their inflammatory {adjuwvant) or
anti-inflammatery propsrties {(Lolsrogenic) depending on the cell

30 environment., For example in the gaztrointestinal tract the
dafault is one of tolsrance, In the periphery, 1t iz one of
immuane responsivensss. It is known in the art that in culturs
cells can be conditioned te try and mimic theilr gut immuno-
telerant state. Peptideglycan may be delivered into target

35 cells, in vivo or ex vivo with appropriate conditioning, using
the amorphous magnesium-substituted calcium phosphate

compositions of the present invention s¢ that tolerogenic signals

i
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are induced in the csll of interest. For example, I1L-10 mayv be
secrated and PO-L1 up-regulated. If additionalliy the particls
carries an antigen then the T cell response to the presented
antigen may be ugefully teolerogenic. In conditions such as

Cronn’s dissase whsre this pathway may not be operational, other

materials could be conzidered as discussasd further slsewhere

herein.

Small Molecules as Carge Molscules
The amorphous magnesium—zubstituted calcium phosphate
compositions may be purposefully used to trap and deliver small

molecules such as nutrients. This may have beneflt in a number

b

of ways Firstly, for nutrients that are synergistio with the
nutritional kenefit of calciuvm especially magnesium, silicon and

Vitamin D. Secondly, the amorphous magnesium-substituted calcium

phosphats compositions may act toe partilally or wholly protect ths
nutrient from digestion by the nanoparticles into which the
compositiong of the present invention disperse by disscliving in
the stomach and thus delaving the time that gastric acid has to
act on the nutrient compositicon inside. A further example
involves the targeted deliveryv of small molecules such as
nutrients, amince acids, nuclelc acids, including thelr sequences
e the AMCP particles whether

to cells that specifically scaven

g{)

dminisztered orally or parsnteraliy. APCs and reticulo-

endothelial cells would be especially targstad in this fazhion.

Synthesis of amorphous magnesium-gubstituted calcimm phosphats

materials

The aynthesis of the amorphous magnesium-substituted calcium

phosphate materials of the present invention containing entrapped
biclogically active carge materials was adapted from the methods
disclosed by Beskey and Posner (19273, 1974), with the distinction

that thelr materials did not entrap bioclogically active car

te
O
(&

material, and with some further improvaemsnts to their methods.
Broadly, the process ¢of the present invention emplovs magnesium
iona (Mg} to stabilize calcium phosphate in the amorphous phase.

However, the present inventors have found that the biclogically

26
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stabilization

active cargo materials may provide addition:
=

ayend that provided by the magnssiuw iosns (Mg®™) and that the
efficiency cof the ztep of drving the precipitated materials plays

&n lmportant role in prezerving the amorphous phase.

hoecordingly, in one aspect, ths present invention provides a

process for produclang amorphous magnesium-substituted calcocium
phosphate compesitions that contain sntrapped bilologically active

cargo material, the procsss comprising:

10 fa) providing 2 sclution comprising calcium ions {(Ca™y,

N

magrnesium ions (Mg and a solution comprising phosphate ions
{(PO4%"}, wherein one or both of the soluticns comprise one or more
biclogically active cargo material;

{b) mixing the soluticn comprising calecium ions (Ca’y,

i5 magnesium ions {(Mgiwith the sclution comprising phosphate ions

(PO427) to preciplitats amorphous magnezium—-substituted calcium
K - ~

phosphate in which the biclogically active carge ma

entrappad;

(¢} recovering the amorphous magnesium-substituted caloium

20 phozsphate;: and

(d} eoptionalily washing and dryving the amcrphous magnesium-—

uted calcium phosphate with entrapped carge material.

Convenliently, the sclution comprising calcium ions {Ca“t),

25 magresium lons {(Mg?) and biclogically active cargo molecules is
buiffered, for example using a Tris, HEPES, BICINE, TRICINE or a
citric acid buffer, or ap amino acld, such as ilvsine or glyoine,
at a pH beitwesn about pH 7.5 and pH 10, and more preferakly at a
pH of about 8.0. This mayv be achieved using a Tris buffer at a

36 concentration range of between 50 M and 300mM, for exampls at

about 150 M Tris. Generally, the concentration of calcilum ions

(Ca™) is betwesn 5 mM and 200mM, for example at about 17.7 mM.

zenerally, the

ic of magnesium lons {(Mg?"} to calcium ions

™

{Ca’) is at least 1:25, optionally at least 1:20, opticnally at
35 leaat 1:10, optionally at least 1:5, opticonally at least 1:4 and
optionaily at lsast 1:3. The concentraticn of the biclogically

active cargo molscules depends on the amount of the molecules

27
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that it is desired to trap in the precipitated nanoparticles, By
way of illustration, in applications where the biologically
i

tive carge molscule is a therapeutically active molecule, the

cations where

concentration may ke generally lower than for appli

the biclicgically active cargo meleculs 1s a nutraceutical

2

molaeculs.

The concentration of solution of phosphate ions (PO is bstween

wn

Q

5omMoand 200 mM, for example at about 20 mM, and is generally
buffered in the same buffer sclution as the solution comprising
caloium ions {Ua®), magnesium ions {Mg?) and biclogically active
carge molecules. The rapid additicn of the solution of phosphate
ions (PG to a calolium solution snsure the ratics of Ca%™ and
P04 are constant whilst the amorphous calcium phosphate {ACPE)
phaze is formed. In the absence of stabilisers, this would
normally rapidly convert to more crystallins phases, such as
hydroxyapatite. Thiz conversion can b prevented, or at least
limited, by the additicn of magnesium ions {Mg®} in ths synthesis
which, by being incorporated in the calcium phosphate mineral,
disrupts the lattice and reduces surface remcdelling {Figure 7h,

B} .

Whils the astabilisation by amorphous calcium phosphate by
magnesium ions {(Mg?') was fivst investigated by Boskey & Posner
{1574}, the present inventors have surprisingly found that the
porous structure of Tthe nancparticlez is capsbls of incorpoerating
a range of different types of biologically active carge
molecules. In addition, the prasent inventors found that the
carge molecules entrappsed within the astructure of the
nancparticlies further increases the stabilisatlon of the
amorphous phase during synthesis and for subseguent drying and
atorage. This enablass the process of the present invention to
semploy lower concentraticns of magnesium ions {(¥Mg?') than Boskey &

Pesner found to be necessary to stabilisze the amorphous calcium

phosphsa vhase, for

rampple 1.8 mM Mg per 17.7 mM Ca. However,

in general, higher concentrations of magnesium ions (Mg} ar
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preferred to enhance the stability of the nancoparticles thus

proaduced

Conveniently, the recovery of the amorphous magnesium—subhstitutes
caleium phosphate compositions of the present invention can be
carrvied cut by centrifugation cr filtraticn, and the compositions
then washed and partialily oy totally dried. This saze of
manipulation i3z achieved due to tranzient agglomeration of the
nancparticles during synthesis to micron-sized agglomerates which
will then ras-disperss in nance form when appropriately re-aguated.
Advantagsously, the washing and drying steps may be dons using

from the

one or more acetone washes to help remove
amorphous magnesium-substituted calcium phosphate compesiticns.
The present inventors have found that a way ¢f achieving this is

the compesitions in acetone (preferably at a pH of

- s

to resiury

<

about 16} and then to dry ths composition using centrifugation.

For optimum stabilisation of the compositicons, the acetons

sy

washing step was repeated twice, sge Table 1 below.

Table 1. Eiffect of Mg concentration, proteln and acetons drying
on the mineral phase of materials produced from 17.7 mM Ca®, 19.7
mM FO7 in 150 mM Tris at pH 8. Baszed on these findings, acetone
re-siurring stabllises phase through the removal of water and,
thersfcre, one acetone ra-slurry may have an eguivalent effect to
twoe-slurrying steps providaed enough water ls removed from ths

material

iM@:Ca One acetone Reslurry Two acetone Reslurries

[Mg],i Ratioc at
mM | synthesis | Without With Without

0 rystalline | Crystalline {Crystalline | Crystalline

(')

0.8 : 18.7 Crystalline | Crystalline | Crvstalline ;f”wf 111

18

: 9.8 Crysztalline | Crystalline | Crvstaliine Am&rphous

376

4.9 Crystalline | Crystalline | Amorphous amcrphous

973

: 2.5 Crystalline | NS o ,fmrp%WU? BS

('Y VS U WP

14.4

: 1.2 Crystalline N3 Amorphous NS

*NE = not synthesized

{reagents) | Protein Protein Protein With Protein
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Table 2 shows results of experiments in which the Mg:Ta ratio was

measurad at synthesis and in the final material

Tabkle 2. Mg:Ca and P:Ca ratio in stock seolutions and after

synthesis of AMCP, as determined by ICP.

At synthesis {reagsnts} Actual (determined in material by

Ice}

Final Mg:Ca P:Ca ;Mg:Ca ratio (k8D) | P:Ca ratioc (ISD)
Mgl =M ratio ratio |

[¥e)
s
fork
[éa
<
i
[
o)
(oo
fot
<
(v o]
FUs-N
j--2
[
foxy
(X

ST 1512 130,35

3 376 T R I O E R Rt S R R T RENEE

6. 0 _ N/A 1:9.9 N/A 1:2l7% | 1:1.52 1:1.48
’ (0.02)

1
I \

N/A: Not applicabls

*[Mg] derived from the proiein

The present inventors further found that incorporation of the
cargo molecules increases phase stability of the material in
agquacus environmsnts, which is besnsficial for biomedical
applications. his was exemplified in tiszue culturs media,
whars amorphous magnesium-substituted calclium phosphate

nanoparticies loaded with protein cargo wmoeleculs, in this case

"

the protein bpovine serum albumin, reguired significantly longer
to convert to hydroxyapatite (HA} than the corresponding unloadsd

amorphoeus magnesium-substituted caloiuwm phosphate (Table 3.

o Nal
(SR,
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Table 3. Effect of protein incorporation on the phase stability
of Mg-stabilised ACP {([Mgl=3.86 mdM) in tiszuve culture media made
ceording to the general protocel described above at pH 10.4,

washed with acetone twice and dried overnight in oven.

Z4 hours | -~ ACE

Samples centrifuged and washed twice with pH 10.0 water
Samples resuspended in DI {(same velume as synthesis mixiturs)
Samples centrifuged and washed with pH 106.0 water

Samples centrifugsd and washed with acetone twice

Dried Overnight in Oven

in addition, the preszent inventors have found that increasing the

pH of synthesis above pH 8.0 may produce amorphous magnesium-
substitutaed calciwn pheosphate compositions with improved phase
stabllity as compared to the corrasponding matarials syntheaized

Aeoordingly, 1t is

b

.

at pH 8.0 as used by Boskey & Posnsr (1874
oreferred that the pH during zteps {a) and/or (k) is greater than

7.5, preferably at least pE 8.0, more preferably at least pH 8.

and most preferably at lzast pH 9.8,

Pi

Formalations and Uses

The amorphous magnesium-substituted calcium ph

O
w
3
et
3
1
B
Y
O
=
e
o)
U0
E..!
¢

k

[o

[
£

of the pressent invention may be formulated for use as agents for
delivering the entrappsd cargo materialsz, such as carge moleculies
cr cargo nancparticles, and may be used to treat and/or prevent
conditions that reaspond te the carge molecules, in vitro and/or in

vivo., As described eslsewhere, compositions for use in diagn

applications are also disclossd. Accordingly, thes compositions of
M =Y
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the present invention may comprise, in addition to one or more of

phosphate compositions

the amorphous magnesium-substituted cal

cf the present inventlon, a pharmaceu

acceptable sxciplent,
carrier, buffer, stabiliszer or other materials well krnown toe thoss

skilled in Such materials should be non-toxic and should

not significantly interfere with the efficacy of the solid phase

materlals for the applicaticn in guestion.

The precize nature of the carrisr or cother component may be
related to the manner or route of administraticn of the
omposition. These compositions may be delivered by a rangse of
delivery routes including, but not limited to: gastrocintestinal
delivary, especlally orally and nascgasiric delivery: parenteral
delivery, including injection; or by implant at specific sitss,

including prosthetics that may be used for this purpose oy mainly

for ancther purpose but have thiz kernefit. In particular,

composzitions can bs used in gene transfection or introduction of

nuclieic acid seguences, vaccination, ds of therapeutic
agents, ex-vivoe manipulation of cells for re-inijection to same or
different recipient and deliveryv of nutrients. In particular, the
compesitions can be used in vaccination, and in the hreatment or
prevention of autoimmune diszeases, as part of cancer therapy,
treatment of food allergies and/or intelerances, including de-
sensitisation, and treatment or prevention of inflammatory bowel
diseass, most sspecially Crohn’s disease.

=

Az described hereln, the present invention provides medical

%,

uses in which the amorphous magnesium-substitute calcium

3

phosphate compositions are used to deliver a wide range of

therapsutic

gastrointestinal tract, such as cells present in the Peyer's
patches and in the mesenteric lymph nodes, in locations such as

the ilewm and caecal patches of the cascum, especially the

appendix.

In one embodiment, the present invention may be used for ihe
treatment oy preventicn of cancer, eapecially as vaccins

.y
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compositions. For example, the compositions of the present
invention may ke used as vaccines for the treatment of Myeloid

Lavkasmias. This may include using cargo moleculss which are

fusion proteins of BUR-ARL (Breakpoint Cluster Regicn - Abslson)

o

resulting from the formation of the Philadelphia chromosome in
Myaicid Leukasmias such asz Chrenic Myeslogsncus Leukaemia (CML),
Acvte Lymphoblastic Leukasmia and Acubs Myslogenous Leukaemia
(&ML} . BCR-ABL fusicn proteins, including portions or synthatic
analogues thereof, may be incorporated within AMCP, and

iG cpticnally combined with an immuns-stimulatory (tolerance

breaking) agent, such as MAMP, to induge robust adaptive immune T

cell responsss to the aberrant cancer fusion proteins. Ancther
cancer fusion protein target that may be used as a cargo molecule

for therapeutic vaccination 1s GAG-ONC {(Rous sarcoma virsus).

}._.L
&

Detalls of these proteins are availlable as follows:

GAG-QONC:
P

http://www.nim.nih.gov/cgl /mesh/2011/ME cgi?node=&term=gag~

snerFusiont+Proteins

20

BLR-ABL s
htitp://www. . nlm.nih.gov/cgl/mesh /2011 /MB cogitnede=sterm=Fusion+Pro

tains,+hor-ablafield=entrv#TreeDl2.7746.002.500.530C.100

In a Turther embodiment, the present invention nav be used for

&

e
'
i

the treatment or prevention autolmrune dissases by using
therapeutic vaccination To induce tolerance towards autoimmune T
cell and auto-aniibody responses. Previous research using the
Frxperimental Autoimmune Lncephalomylelitis {(EAE) murine modsl for

Ea a

SV WiiL

iple sclercsis that therapeutic vacoination against
autoimnune neuro—-antigen targets can bs achieved via the oral
route {Song et al., The Peyver's patch is a critical
immunoregulatory site for mucesal tolsrance in experimental
avtolmmune encephalomylelitis {(EAE). J. Autoimmun. 2008

35 June; 3044 12307}
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In one embodiment, The compositions of the present ilnvention may
ke used for ths treatment or prevenition of multiple sclerosis by
therapeutic vacgination, for example by incorporating ons or more

zenic proteins into

oo~anti

autocimmune central nervous system ne

AMCP, opticnally with one or mors tolerance inducing agsnts, such

peptidoglyvcan, for inducing tolercgenic T cell responses to

£
w

autoimmune harvgets. By way of illustration neurc-antigenlc

proteinz relating spascifically to the treatment of Multiple

b

Sclerosis include Myelin Basic Protein (MBP), Proteolipid Protsin
{(PLP), Myellin Oligodendrocyis Glycoprotein (MOG), Myelin-
asspclated Glyocoprotein (MAG), 81008 Glveoprotein (5B},
Oligodendrocoyte-Mysliin Glycoprotein {(OMGP)}, Myelin-ARsscciated
Cligodendrocviic Basic Protein (MOBE), of-crystallin {CRARY and

e ol

-3 f-cyclic nuclscotide 37 -pPhosphodissterase (CNP) {(see Crawford

N

et al., High prevalence of autcreactive, neurcantigen-apecific
Co8+ T cells in nmulitiple sclerosls revealed by novel flow
cytometric assay. Blood 20064 Jun 1;103(3131):4822-31.).
Accordingly, ons cor more of these proteins, or a bilologically

active fragment therecf, mav be used as cargo moleculass.

In a further emboediment, the present invention may bs ussd for
the treatment or preventicn of inflammatory bowel dissases, zuch
as Crohn's disease and ceceliac disease. Therapeutic vaccination
for the treatment or prevention of inflammatory bowsl diseazes
such as cosliac dissase may be carried out by incorporating
Gliadin, a prolamin {giuten protein) found in wheat, or =zimilar
proteins found in ths crops of the tribe Tritice {such as
parley and rve) into AMCP with or without tolerance inducing

agents {such aa pepiideglycan! to induce tolercgsnic T cell

responses to autoimmune targests. See DI Sabatine st al. {The
Lapcet ~ 25 April 2008 {(Vol., 2373, Issus 9¢73, Pages 1480-1493)

and

In a further embodiment, the present invention may be used for
the treatment or prevention of type 1 diahetes.
vacoinaticn for thes treatment or prevention of type 1 diabstes

may be carried out by lncorporating glutamic acid decarboxviass

34
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{BAD) isoforms GADET and GADSS into AMCP, with or without

tolerance inducing agents {such as peptidoglyoan), o induce

tolerogenic B cell responses to autcimmune targets. Ses Kaufman
et al. (Autcimmunity to twe forms of glutamate decarboxylasze in
insulin-dependent diabetes mellitus. J. Clin. Invest.,

192Z2:89 (1) :1283-292.}

In a further embodiment, the present invention may be uszed for
the treatment or preventlon of autcimmune conditions such asz
Systemic Lupus Ervihematosus (SLE). Therapeutic vaccination for
the treatment or prevention of SLE may bs carrvisd out by
incorporating High Mobility Group box 1 (HMGEL) and other small

nucliear ribomucleopreteins (nRNPs common htargets of

autcantibodies in lupus and cther autoimmune dissases), into AMCP
with or without tolerance inducing agents {such as peptidoglyea

to induce tolerogenic B cell responsss to auhoimmune Targebs.

ot

See Poole et al., Harly Targets of nRNP Humoral Aubtoimmunity in
Human Systemic Lupus Eryvthematosus. Arthritis Rheum. 2002 March:

60 {3}): 848-855.

In soms embodiments, the amorphous magnesium-substituted calcocium

phosphate compositions of the present invention may be used to
deliver carge materials to celil types or biclogilcal locations
that preferentially take them up. These include the Peyer's
patchas and mesenteric lymph nodez, prassent in logaticns of the
gastrointestinal tract such as the ileum and cascal patches of

thes caecum, especially the appendix.

Pharmaceutical compositions for oral administration may be in a
tablet, capsule, powder, gel, liguid form, sprinkle or a sultable

fosd-stufi. A tablet may include a solid carrier, such as

gelatin, or an adiuvant. Capsules may have specilalised propertiss

such as an enteric coating. Liguid pharmaceutical compositions

gensrally includs a liguid carrier such as water, petrolsum,
animal or vegetable cils, mineral oil or synthetic oil.
Physicloglcal saline solution, dexirose or other saccharide

soluticon or glycols such as ethylens glvceel, propylens glveel or

35
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polyethylene gliveol may be included. Where the amorphous
magnesium-substituted calcium phosphate nancparticles of the
present invenition needs to be maintained in a solid form, s.g. ho
contrel the delivery of a compornent of the material, 1t may be
necessary Lo select components of the formmlation accordingly,

ulid formulation of ths material is made. Whers

the material iz administered with a food-stuff, the formulation
components will ke chosen to e compatible with the amorphous

magnesium-substituted calcium phosphate compositicns and to

provide suitable physicochemical and crganoleptic characteristics.

For dntravenous, cutanecus or subcutanscus injection, or injecticon

at the site of affliction, the active ingredient will be in the

form of a3 parsenterally acceptable aguecus solubllon or suspens

which is pyrogen-free, except for what is within the amorphous

=
i)

magnasivm-substituted calcium phosphate compozlitions, and has

suitable pH, isotonicity and stability. Those of relevant skill

ons using, for

n the art are well able to prepare suitable solut

[

example, isoctonic vehicles such as Sodium Chloride Injection,
Fingsr's Injection, Lactatsd Ringer'a Inijsction., Freservatives,
stabilisers, buffers, antioxidants and/for other additives may be

incliuded, asz reguired.

The materials and compeositions uzed in accordancs with the
prasant inventilon that are to be glven to an indiwidual are
preferably administered in a “prophylacitically effective amount”
or a "therapeutically effactive amount” {33 the case wmay s,
aitheugh prophyvlaxisz may be considered therapy), this being
sufficient toe show bernefit to the individual clinical atate. Ths

actual amount administered, and rate and time-course of

0

administration, will depend on the nature and saverity of what 1
being treated. DRecisions on dosage eto., 13 within the
responaibility of general practiticners and other medical
doctors, and typically Takes account of the disorder to b=
treated, the condition of the individual patisnt, the site of
deliivery, the method of administration and other factors known Lo

prachtiticoners. Examples of the technigues and protocolis

[\
N
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mentioned above can be found in Renmington’s Pharmaceutical

Pt

llams & Wiilkins. A

w0

seiencass, 20th Bdition, 2000, Lippincott, Wi
composition may be administered slone oy in combination with

20uUsSiy or seguentiaily,

osther treatments, seither simulia

dependent upon the condition to be treated.

Examples of the uses of the amorphous magnesium-substituted
calocium phesphate compesitions of the pressnt inventicon inciude,

-

but are not limited to, usss for the delivery of dietary mineral

upplements and fortificants; therapeubic mineral supplemsnts

Q.

. as administered by i.v. and oral routes); drugs, nutrients

(&,

[t

or cosmetic carriers/co-complisxnes; phosphate binding agents:
other binding or seguestering applications; food additives; anti-
perspliranta; sun-protectlon agents; vaccine compositions

adiuvants; immuno-modulatory agents; direct cosmetic applications

including exfoliating agents; bone and dental ants;
implant materials including brachytherapy, and imaging and
contraat agsents. In one embodiment, the amorphous magnesium-
substituted calcium phosphate compositions of the present
invention may be uzed as delivery platferm for supplemsnts for

nutritional or medical benefit. In one embodiment, the present

invention employs nanoparticles as carge materials, for example
metal-bazed or metal oxo-hydroxide bhased nancparticles. Thease
may be used for imaging, for example for tracking the amcrphous
magnesium-substituted calcium phosphate present in a subject to
whom & composition of the present invention has been
administered. In all formats, but most especially for
fortificants, subseguent formulatlion, such as addition of a
protective coating {e.g. lipid), may be necessary o make the

materiazl compatible with itz intended usags. or example the

compesitions may be encagpsulated for cral administration,

Role of PD~LI in intestinsl health and dissase, in pariticular in
Crohn’s Dissasse

Antigen presenting cells (APCs) <an acqguire solublis and/or
particulate protein antigens which they process and present

solvpantides of, on their surface, in ths
yper

o
e
(&3
Q
L)
el
<
£h}
-
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may then engage the MHC

an MHC-antigen-TCR compl

depends upcn a numbar of

stimulatory signals from

In the gastrointestinal

ragion

b~

of protein antigs

cells iz the lvmphoid

of the l1leum and cascal

appendiz. It is also

astrointestinal tract i

active inmunsg responsss

gut is exposed te {e.g.;

snvironment and food pro

Liy, expresssad upon ant

stimulatory molecule tha
tolerance signals to T o

helping maintain tolsran

aspect of the present in

T F at

~ ~

ceils of the Pevy

the

baecausze of the present o
nanominsral,
intestinal lymphoid foll

high levels of PD

Colic positive, tvpical

this regicn cof the gut,
of mature macrophages.

consistent with (a} the

the Lvmphoid follicle

nanoparticles and (b) PD

specific cellszs o snzurs

tolerogenic context.

Surprisingly, the invent

disease, these cells are

express very low levels.
signalliing in thsese area

is a fundamental defect

fol

Knio

igen presenting cells

are rapresen

immune cealls

PCT/GB2014/053291

via their T cell receptors (TCR) forming

ex. Precisely how the T cell responds

factors, an important one being co-

other surface molecules.

tract, it 1s known that ons important

APCs to

3

n encounter and presentation by

Liicies, exemplified by Pever’s patches

patches of the cascum, especially the

that the general respoense in the

TATT
QW

s one of immuno-tolesrance to prevent

to all the beneficial antigens that the
the

friendly bacteria living in

tein). PFrogrammed desath ligand {PD-

a 20~

5

(PCY, i

t irn gensral provides strong immuno-

ells and is one candidate molecule for

ce in the gastreintestinal tract. In one

vention, the pressnt inventors have found

ver’s patches that staln with calcein
aphate
cells of

£ endogsnous caleium pho

wtative of antigen recelving

icles and normally express distinct and
~L1l. These and

cells most

of

Are v CDl1b

of a population derdritic cells in

X

and a mincrity are CDREE positive, typical

Taken together, these are

uptake and pressntation of antigen into

by the calcium phosphate

~L1 playving an important role in these

that the antigen 1s presented in a

ors have now Found that in Crohn?

PD-LY

almost always nega oxr

This suggests that Tailure of PL-L1

s, namely intestinal lympholid follicles,

the aetiopathogenesis of Crohn'z

in

38



911

10

,«,
I3

[
(53

Ll
]

WO 2015/067939 PCT/GB2014/053291

diseass that can be corrected to provide therapeutic benefit to
patients. Accordingly, in one aspect, ths present invenbtion
provides an agent capable of incrsasing sapression of PD-L1 in
antigen-presenting immune cells present in the gut for use in a
method of treating Crchn’s dissase. In some embodiments, the
agent may be delivered to the cells using the amorphous
magnesium-substituted calcium phosphats nancoparticles described
herein, thereby taking advantage of their selective uptake by

thess cells.

) )

By way of explanaticn, Programmed Cell Death Ligand 1 {*BPD-LL‘)
has a gene that encodes a 290 amino acld protsin. In the main PD-
L1, alsoc known as CDZ274; belongs to the B7:0D28 superfamily of
co-receptor molecules and it functions as an inhibitor of T cell
function by dampening covtcokine production and TCR signaliling when

bound to 1ts receptor PI-1.

o fn\r\'-

The HUGD Gens Svymbol repcrt for PD-LL {gene name D2 SIVTONVIAS
RTHI, PDBOBILI, FDCDILGL, PDLL and sometimes referred fo as PL-1
ligand 1} can be found at

hitp: //weww.genenames ., org/data/hone data.php?hgne 1d=17835, which

provides PL-L1 nucleic acid and amino acid
sequencss, as well as reference to the murine and rat homologs.
The amino acid zsquence of full isngth human PD-L1 is set sout in

the UniProt Knowlsdgekaze in SEQ ID NO: I {identifier: {9NZQ7-13,

although twe other iscforms produced by alternative splicing have
baen described that differ from the canonical seguence as
follows: in lsoform 2 amino acids 19-132 are missing {identifier:

N

GONZQ7-2), while in iscform 3 there iz an amino acid exchangs at

[

positicn 178 (178~178:; K - D} and aminc aclids 179%-2%0 are missing

n {
{identifler: QONZQT-3).
MREIFAVEIEM TYWHLLNAFT VIVPRDLYVY EYGSEUMITEC KERVEKQLDL AALIVYWEME
DEKRIIQFVHG EEDLEVQOHSS YRORARLLKD QLSLGNAA ITDVELQD VYRCMIBYGG
ADYKREITVEY NAPYNKINGR ILVVDRPVISE HELTCQAEGY PRAEVIWTSES DHQVLSGETT
TTNSKREEKL FNVTEITLRIN TTTNEIFYCT FRRLDPEENH TAELVIPELP LAHPPNERTH
LVILDGALILLC LGVALTEFIFR LEKGRMMDVK KCGIQDTHSK KOSDTHLEET
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5,

Accordingly, in one aspect, the present invention is based on the
novel findings that by treating these antigen presenting cells of

the

the intestinal lvmpholid follicles, so as to up-regulad

of PD-L1, would be of significanit thevapeutic bensfit

in the treatment or preventicn of Crohn’s disease. The amcrphous
magnesium-substituted caloium phosphate materials of the presen
invention that mimic the in viveo nancmineral, cculd therefore bs

employed to dsliver agents capabls of up-regulating PD-LI

eZpression as the entrapped cargo material, having the advantage

of targeting the very lntestinal lvmphoid fellicle cells thatn
requlire trsatment. Such a therapeutic would need to bypass the
proposed ‘pesptidoglyean block’ if this proves to bs the

undariving mechanistic reascn for fallure of PD-LI1 sression in

~

Crohn’s disease, or indesd inflammatory bhowel dizeases gensrally.

6]

By way of some example, agents capable of inducing PDI-L1 are
known in the art. PDL-L1 is induced in human celisz by Type
interferons, such as IFN gamna {Seung-Jin Lee st al 2008, Dong et
al 2002). This pathway has besn successfully manipulated to

N

induce ¢r supress PD-L1 expressicon in human biliary epitheslial

ENGS

1s with the use of microRNA-513: transfection cof biliary

epithelial cells with an antisense oligonucleotide to MIBENA-313

induced FD-L1 expression (Gong et al 2009} .

]

The analeog of viral dsRNA, polyinosinic-polveytidylic acid {poly

gl

Ty, up-regulates expression of BY-HL wvia activation of the

R

nuclear factor xB{NF~-gB) in epitheliial cells {Keiko Kan-o et al

2013y,

7

riral infecticns such as HIV are asscciated
with virally induced up-regulation of PD-L1 on APC {(Trabattoni et

al 2003, Ssverl et al 2010).

Al=o, mycobacterial infections induce PD-L1 expression in APC

{Bakai et al 2010). Thiszs may be done by stimulation with

the mycobacterial proteln product, such asz protein purifised

derivative of tukercullin {(PFD}, resulting in the up-reguls
FD-LY on APC, most notably when the PPD was present in the

amorphous magnesium-substituted calcium phosphate form.
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In some aspecis, the present invention relates to an agent that

is capable of one or morse of:

)

{a} up=~regulating the s=zpression cof PD-L1; or

19

{b) activating PD-L1 protein: or

{c) inhibiting reprassion of PD-Li; or

() otherwise activating PD-L1 on antigsen presenting cells
of the intestinal lymphoid follicles for use in a method of
treating Crohn®s dissase, or inflammatory bowel dizease in

genaral.

In related aspects, the present invention provides a

pharmacsutical composition which comprisss such an agent, wharein

the agent is entrapped as a cargo material within an amcrphous
magnesium-substituted calclium phosphate material of the present

invyention.

In one approach, the treatmeni described herelin may employ gens

tharapy to induce PL-L1l exprassicn in the targst csll: the gene

therapy as described elsewhsre herein in detail. In soms
embodiments, This may involve a cargo material comprising nuclelig
acid encoding PD-LI being incorporated in the zynthetic

magnesium-substituted calcolium phosphate compositions of the

prezent invention for deliverv to target cells with low lsvels orx

no PO-L1 expressicn.

In geneval, gens therapy approachss according to this aspect of
the present invention will ewmploy nucleic acid erncoding

biclogically active PD-L1 polypeptide Lo treat a patient who is

unable to synthesize the active polypeptide or unabls to

synthesize 1t at the normal level, thereby providing the eff
provided by wild-typs PD-LI and treating Crchn’s disease or

suppressing new outbreaks of this condition.

Vectorzs such as viral vectors have been used in the pri

i
introducs genes into a wide var of different target cells,

Typically the vectors are exposed to the target celiz zc that

By
e
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transfection can take place in a sufficient proporticon of the
cells to provide a useful therapeutic or prophylactic effect from

the expression of the desired polypeptidse. The transfected

i

nuclieic acid may be permanently incorporated into the gsnome of

sach of the targeted cells, providing loeng lasting effect, or

srnatively the treatment may have to be repeated periodically.

A variety of wectors, both viral wvscteors and plasmid vechtors, ars
known in the art, zee US Patent No. 5,232,47% and W0O93/07282. In
particular, 3 number of viruses have been used as gene transfer
vectors, including papovaviruses, such as SV40, vaccinia virus,
herpesviruses, including H3V and EBY, and retroviruses. Many
gene Therapy protocols in the prior art have used disabled murine

retroviruses .

Q)

Az an alterpative to the use of viral vectors other known mathods
of introducing nucleic acid into cells includes electroporation,
alcium phosphate co-precipitation, mechanical technicgues such as
microiniecticn, transfer medisted by lipcacmes and direct DN
eptake and regeptor-mediated DNA transfer. In addition, ths
present invention provides a further means of delivering PL-LL
nucleic acld sequences to the target cells uzing the amorphous
magnesivm-aubstituted calcoium phosphate compositions described

herein.

435 menticned above, the aim of gene therapy using nucleic acid
encoding the PD-L1 polypeptidse, or an active portiocn thereof, is
to increasze the amount of the expresazalon product of the nucleic
acid in cells in which the level of the wild-type PD-L1L

polypeptide iz absent or present only at raducsd levels.

In a second approach, the therapy may be an agent that activates

.

promoter regionsg of the PD-L1 gsne such that it 1s exzpressed as

the protein. In some embodiments, this mayv invelve the agent
being used as a cargo matsrial incorporated in the synthetic

magnesium-substituted calcium phosphats compositions of the

present lnvseption. Activators of PD-L1 expression may be found

using methods of soreening described herein.

2

o
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In a third approach, the treatment may involve a MAMP as thsassa
are known to induce PD-LI. Examplez of MAMP: are glven elsewhere
herein. Peptidoglyeoan, and peptidoglyean fragments, may or may

5 not be useful MAMPs for the reascns dascribsd above. In soms
embodiments, thiszs may involve the MAMP being used as a carge
material incorporated in the synthetilc magnesium-substitutad

T
calcium phosphate compositions of the present invention.

10 Irn a forth appreach, the ftreatment mayv invelve a compcound or
mixture of compounds, in a soluble, colleidal, nanoparticulate or
microparticulate form, that induce PI-L1 expression such as poly
IC and intervfsrcns or other oybokines, especially type I

interfercns. In some enbodiments, this may involve the compounds

(921

being uzed as a cargo material incorpeorated in the aynthetic

fani

magnesium-substituted calcium phosphate compositions of the

present invention,

Im a f£ifth approach, the treatment may involiwve a biological agent

20 that induces PD-L1, such as a virusg or bacieria, or an attenuated
form thersof, mixturss and/or homogenates of such biclogical
agents such as PPD oxr nucleic acid zeguencses. In sons

3, this may invelve the biological agent being used as

3 cargo material incorporated in the synthetic magnesium-

A
(2]

:d calcoium phosphate compositions of the present

invention.

In a sixth approach, the Lreatment may invelve a treatment Lo
inhibit the repression of PD-L1 expression in Crohn’az dis=ase,
30 the treatment opticnally being the carge of the synthetic

magnesium substituted calcium phosphate. In some embodimenta,
this may involve an agent capable of inhibiting the repression of
PL-LL expression belng used as a cargo material incorporated in
the synthetic magnesium-substituted calcium phosphate

compositicns of the present iLnvention.

(o)
(621
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It will be apparent to these skilled in the art that these
approaches may be smployed, alone or in any cowbination. Further
approaches for activating PU-01 may involve the use of one ow
more chemckinas or cytokinsgs {e.g., interferonszs), microRMNAS
5 {e.g., miR-513}), peptides, proteins or glycoprobteins, antibodies,

T

enzymss, oligonuclectides and/or siRNAs or RNAL.

Hethods of Scregning fox FPD-LI1 Activators
The present invention incliudes methods of scresning for agents

10 capakle of increasing the exprsssion of PI-L1 for use in the
treatment or prevention of Crohn’s diseass. As explained herein,
it iz known that when PD-L1 iz present on antigen presanting

cellz, such as dendritic cells, 1t acts as a marker that

instructs T-cells to be tolerant to the antigen bkeing presented

o)
5

3 by that oell. Without wishing toe be bound by any particular
theory, the results in this application indicate that reducs
lavels or no expressicn of PD-L1 lsads to a failure to induce

this tolerancs, and hence causes the inflammation that is at ths

heart of Crohn’s diszsease. The present inventors believe that the

NG
<>

raducsed expression of PD-LI i3 thervapeutic target for the

i

treatment or prevention of Crohn's disease either by inducing

expression of PL-D1 in the antigen presenting cs=lls that receive

2

flJ

luminal antigen. In one ewmbodiment, this approach may use ths

i

I

propertiss of the amorphous magnesium-substituted calcocium

5 phcesphate nancoparticlss in targeting suceh cellis in the gut o

delliver agents gapable of restoring PB-L1 function or expression.

n

It will be well known to thoss skillsd in the art that to assess

o

whether a therapeutic agent dees indeed increasze co-stimulatory

30 molecule exprassion, such as PD-L1 swpression, in intestinal
ivmphoid follicies a number of approaches can be taken. Ons
approach will invelve resecting or bilopsying ths lymphoid
aggregate after treatment and comparing FD-L1 or other
eaxpressicn, such as by immmnostaining of sections or ELISA or

35 gene expression analvaiz of regions or extractasd cells of the

ults would be compared To sham treated ov

i

J
O]
5
-
T
T
Y]
;,—4
o
o]
‘}J

nes

U\

lacebo treated cases or to samples taken at baseline. In the

o
LN
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case of humans, specialist dyes mayv be ussd such that the
intestinal lymphold aggregatas are betitasr identifisd for ths
purpoese of biopsy with endoscopy. Clearly, such technigques <an

be applied to patients with Crohn's disease.

Accordingly, the present invention aiso incliudez methods for the

screening of candidate compounds to find PD-LI activators, e.g.

o

identifying candidate agents that arse capable of activating

PD~L1 sxpression oy protein activiity for subsegusnt use or

L

evelopment as agents for tThe Treatment of inflammatory bowel
iissases, and Crohn’s dissase in particular. Convenlently, this

may be dene in an assay buffer to help the components of the

N
53]

szay interact, and in a multiple well format to test a plurality
of candidate agents. Thes activity of PLH-LL can then be
determined in the presencs and absence of the one or mors
candidate compounds to determine whether a given candidate has

increased PD-L1 expression or PD-LI protein levels or activity.

To understand which rescsptors are expressed that might be engaged
in the ftarget cells by a deliversd cargo that up-reguliates PDO-LL,
techniques may be smploved to ssarch for the receptor expression,

inciuding impunositzining and measures of gens SXRIESSLicn.

(o]

Thereafter suiltable carge that will engags the receptor and lead
te PD-L1 expression can be attained through further screening
studies.

v way of example, the suitable cargo molecules for use in this

o
:
o

aspect of the present invention may be a known activator of PD-LIL
or a newly identifisd cone. <Combinatorial library technology
provides one efficient way of testing a potentially vast number
of different zubstances for ablility to modulate activity of a

target protein such as FD-L1. Such libraries and thelr use are

known in the art. Follewing identificaticn ¢f & candidats agent

=

¥ further investigation, the agent in guestion may be teasted o

H
Q

determine whether it iz noit isthal to normal cells or otherwise
is suited to therapeutic use. Following these studies, and

others that confirm its choice for in vive therapy, the agent may

45
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be manufactured and/or used in the preparation of a medicament,
pharmacsutical compozlition or dosage form.

In some embodiments, wmethod of scresning for PD-L1 activators may
5 enploy a cell-based assav comprising the steps of contacting

cells which are capable of supressing FDO-LI with one or more

candidate agents and determining whether PD-L1 expression of

protein activity increasss in responss Lo a candidate agent. Ths

method may further comprise identifyving candidate agent that
i increase PD-L1 expression or protein actiwvity. The prassnt

3

application identifies suitable cell types and phenctypes for use

in such methods ¢f scresening., It iz well known in ths art that

from the epithelial laver and elsewhere in the gut signals are

derived that endow local antigen presenting {APCs) with a
18 phenotype of tolerance induction when they themselves signal
{iiiev, 200%, 2009;, Rimcldi, 2085 Maheshwari, 2011). In vitro

conditions are known that can mimic thiz process. It is

therefors possible to take blood cells and to usze a cockb:
chemicals, or indeesed media from epilithelial cell culiures (so

20 called spithelial cell conditioned medium}, and induce this
telerance promoting phenctyps of APIs (Mann et al., 201Z; den
Hartog et al., 2013; Zeuthsn et al., 2008; Steinbrink, 1297). It
i3 equalily possible to break thiz tolerance promoting process of
APCs, For exampls, with the addition of TNF alpha. And this may

2%  mwimlc the procgsss in Crohn’s diszease (Bamias, S013).

In cne approach, candidate agents capable of up-regulating PD-L1
may be identified from thes pricr art. These agents can be

contactsd with conditliconed APCs, both aicne and as cargo

4]
[k

materials within the magnesiuvm-substiituted calcium phosphate
coppositions of the preszent invention. The conditioned cells
will be in the presence or abssnce of TN¥alpha and/or other
tolerance braaking agents PD-L1 regulation will be asssssed,
for example by quantitative RT-PCR, for gene up-regulation and by
a5 antibody staining with flow cytometry for the protein.

Preferably, the candidate agents identified az bsing capable of

enhancing PD-L1 sxpression will be able to do so in spite of the

4
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use of agents such as TNFx to break the tolerance prometing

process of the APCs,

In a second appreach, a similar method mayv he carried out, butb

with APCs conditicned with medium from normal or Crohn®s diseass

[$1]

epithelial cell culture, thess epithaelial cells being derived
from endoscoplc bilopsiss or at surgsry. Freferably, the
candidate agents ldentified as being capable of enhancing PDR-L1
expression will ke able teo do s0 in spite of the use of medla

10 onditioned by Crohn’s disease epithelial cells.

In 2 third approach, numercus animal models swist for Crohn’s

dises Por example, one has been described by Adolph =% al.

2013. Different models will be zcreened by staining of Pavyer’s
15 patch ssctions for calcein and PD-L1. Models with similar low
PD-L1 expression in calcelin positive Pever®s patch APCs, to that

sbhserved in Crohn’s diseass, will be used to test the candidate

]

agants for sultabllity as therapeutics. These could be applied
in or cut of the synthetic magnesium substitutaed calcium

20 phosphate compesitions of the presant inventisn and appliied
orally, with or without enteric coating, or in perfusion or tied
Loop experiments or in simlilar surgical experiments where the
potential therapeutic is in contact with the Pever’s patches for

O

wre hoursz. The Payver’s patches can then be excised at some

"\
=
v}
=
m

25 time after the application of the potential therapsutic and
through stalning for protein and/or in situ hybridisation for
gene up-regulation, the changs in PD-L1 expreszion asszeassed.

-

cted single cells

(u

Cptionally, areas of the patch or even dis

could be asseassed ny flow cytometric for gene analvysis

30 tachnigues as described above,

5

In 2 fourth approach, in patients with Crohn’s disease, potentilal

therapeutics, optionally incorporated or not within the synthetic
magnesium-substituted panowmineral, could ke applied orally or

ractally, with znteric coating as reguired to allow

A
o

release in the ileum and/or large intestine. The treatment could

be applied for 1 day, prefsrably 3 days and most preferably a

47
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weelk or mors and the intesstinal lymphoid aggregates could be
biopsied before and after treatmeni and the change in PD-LI

expression assessed as above.

It will be clear e thoss in the art that all or some of the

above may be used to identify ths optimal therapsutic that will

"Lt

induce PD-L1 appropriately in APCs of the intestinal Ivmphoid

follicles of patients with Crohn’s disease.

Expasrimnental

Part I: Discovery of the sndogenocus assembly of AWF
nanoparticles and the role in Peyer’s Fatches

Endogenous nancmineral of the intestinal Iumen

Distal small intestinal contents, recovered from ilsoztomy
pratlents, were air dried on plastic-coated stubs for scanning

electron microscopy (SEM). Extensive numbers of sub-micron sized

particles were ldentified and thelr calcium phosphate-rich
&

lemental composition confirmed by X-ray microanalyvais (XRMA).

i

M indicated that the particlies ware

High magnification SED

generally agglomerates of smaller, nanoparticulate structures.

To better mimic 1o 3itu dispersion, whole cross-sections of non-
aguecus resin embedded murine distal small bowsl were then
studied and transmission EM {(TEM) used Lo provids greater
resclution. A high density of relatively electron den
nancparticlies was visible and these were again calcium and
phosphorus rich by analvsis. High power TEM imaging showed that
These partlicles were porcus and selected area selectron
diffraction conflrmed that they were not crystalline, in contrast
te biological apatite or cctacalcolium pentophosphate wnich are

more typically associated with biclogical systems.

Paver’'s Patch M-cells transport the endegencus nanomineral

To determine whether these endogenocusly formed nanominerals of
the gut lumen were transported by M-cells of the Pesyer’s patch
epitheiium, TEM analysis of murine-derived thin-sschtions was

carrised out. MNen-aguecus resin was used to preserve the in situ
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-

particlie structure whilst M-cells were identified by their well

described stunted, or lack of, surface microvilli in contrast to

nelghbeouring enterocytes, With this atrategy, numerous disperse
nanomineral structures within the M-cells were identified with

) size, shape, amorphous atructure and X-ray elemental composition
identical to those charvacterised in the gut lumen. ©On rare
occasicns, one or two such particles at the M cell-entercovte

interface ware cbhzerved, but found no evidence of these

particulates within the regular entsrocvtes: instead they

10 opeared restricted to, and in abundancs, within cells with

a
tvpical M-cell fsatures.

Endogenous mineral in antigen prasenting cells of the Peyer’s

patceh

(1]

~cells appear te have 1ittle capacity for antigen processing
but, rather, pass on Luninal molsecules to undsrlying immune
cells. Although the endogenous nancmineral was identified by TEM
te be within M¥-cells in & disperse fazhion, nancparticulats
clusters can be obssrved by light microscopy when accrued in
20 vesicular {i.e. lysoscmal) compartments of APUs. Thus, frozen

sacticonzs of both human and murine Pever’s patches were studied,

and moediflied Von Kossa staining for mineralized phoaphats
revealied large numbsrs of positive cells within the deepsr sub-
epithelial dome. ¥#Flucrescsant calcein staining, for minsraliised

25 caleium, confirmed these observations. A detector for back
scattered slsctrons fitted to the SEM allicowed the identification
of electron dense regionsz in the same sub-epithelial doms area
that were, again, calclum and phosphorus rich by X-ray

microanalysiszs, Both human and murine tissue samples were

3G similariy positive for these features,
Common antibody~based fluorescent markers were used te confirm an
APC phenotype of These mineral-positive cells in murine and human
Peyer’s patches. As artefactual cell antigen staining can ocour
35 with these cslls, presumalbly throvgh adsorption of the stain to

the intraceilular mineral, care was taken to ensure that, for

phenotyping, all stains showed cellular distributions typical of

a2
W
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the anticipated antigen location and not simply co-incidental
with the cellular areas rich in mineral. In addition to the
nuciear stain, double staining, namsly calcelin for thse mineral
pilus one phenotvpic marker, waz used at a time. The majority of

human shd murine calcein™ cells were strongly positive for CDllib,

Coilic and HLA-DR with a distinct sub-populaticon that

monooyis marker, CDi4, was absent while thiz and

The (peri

the positive antigens noted above ware all confirmed in specific

P

positive~-contrel tissues that contained cells expressing thase

markers {see Methods). Thus, overall, ths phenotype of the

minsral-pesitive cells of the Peyer's patch sub-epithelial dome

was consistent with mononuclear AFC residing in that zone.

Tndividual intraceilular vasicles, containing the calcein' minera

coulid be discernsd within the sub-epitheiial dome APCs. iIn this

region, TEM imagd

ying of non-aguecus resin embeddsd thin ssctions
demonstrated individual nancomineral morphology identical to
luminal and epithelial M-cell particlss. Similarities by lmaging

were confirmed analytically for Ca, Mg and P content, uvsing

4

standard less elemental guantification of X-ray microanalysis

contents.

In ity Scanning TEM {(STEM) characterisation and 3D

nanctomography

adhesicn to internal vezicle membranes which is well known for

nanominerals in cell lysosomss. A region from such a cluste

imaged using high angle annular dark field {(HBADF) STEM o
sufficient contrast with unstained non-agquecus-resin-embedded
specimens. A HBADF-STEM tilt series was recordsd and usad to

reconstruct a 3-D model.

The endogencus nancmingral traps and transports luminsl bacterial
fragments and distary antigen
The homogenosus formation of abundant, porous luminal calcium

50
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phosphate nanominsral and its marked transport across M-cells

into Pever’s patch APUs, il=sad us to guesticn functicn. Jalicium

chosphates excel at trapping crganic molecules and, under certalin

circumstances, senter cells with thelr bound matarial. Hers,

i

therefore, a constitutive “carge ship” function of the andogenous
nanomineral was considered wherebyv soluble, luminal organic
macromalaeculies could be trapped and than transported to gut APCs.
To test whether orally delivered dietary protein antigen might
cross the Paysrfs patch spithelium assoclated with ths

endogenously formed nanomineral, BALB/c mice ware fed with Texas

Red@-labsiled ovalbumin., The protsin detected in Pever’s patchsas
was almost solsly compartmentalised with nanomineral-positive
cells of the sub-epitheliial doms. Since 1t remained possible
That ovaibumin and the Tlucrochrome were cleaved during
digestion, only the latter bsing asscclated with the nanomineral,
the Pever®s patch secticns for ovalbumin were also dirvschly

stainsed, Using the Huygens maximum least expected deconvolution

azimise rescglution with confocal microscopy,

co-locatisation was again observed. Additicnally, there were

G

xloss bhut separated intraceliuvliar calcein and protsin signals, as
would be expected 1f the nanomineral disszsolves intra-lysosomally

first unmasking, and then ralisasing its cargoe.

MEAMPs, such as peptideoglycan, ave present ubigquitously in the
lumen of the distal gastrointestinal tract, including ths ileum,
due to the turnover of commsnsal bacterial flora. Feptidoglyvcan
has been identified in human and murine apical aspects of the gut
mucosa by antibody 289, which recognises only degraded/frae

peptidoglyvean and not that present in whole bacteria.

=

xperiments using 28Y antibody experimsnts showsd that, zimilar

r1'

D

i,

tietary derived ovalbumin, pephidoglvcan was compartmesntalised
with the nanomineral of the APCs, again in terms of inssparable
fiuorescent alignals and alsc aszs separate bubt closely adiacent
signals. We confirmed that, just as for the Pever’s patch, AMCPE
nanomineral was also cohserved in caecal patch sub-epithelial
immune cells. Collsctively these data indicate that the

spdogencus intestinal AMCP nanomineral forms in the lumen and

n
}._J.
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enters APCs of intestinal immune-inductive sites, namely the
caecal and Peyer’s patches, predominantly via epithelial M

cells”, sese Figure 11A. The intestinal immune vesponse to

orally~delivered probtasin lanvolves cooperation betwsen Pever’s

patches and mesenteric lymph nodess. In particular, migration of
APCs to the mesenteric lymph nodes implies functional activity
{i.e. antigen presentation; and we confirmad that messnteric

lymph ncdeszs in mice had significant numbers of ABMCP nancomineral+

-

ity

a {Figure 11B}.

9]

Discussion

Although enumeration of endogencus nanominerval particles in the
human gastrointestinal lumen exceeds current analybical
capability, thess gbservations on human and murine small
intestinal contents suggest thal Tthese oocur in encrmous numbers,
For example, 1Ff median {Cal and [P] are 4.2 mM and 10 mM
respectively, in 1L/24h of succus entericus {(intestinal juice) of
the human ilsum, and a third precipitates at mean 6:10 molar
ratic (¥P: {(Ca+Mg) since Mg substitutes for Ca} to form, on
average, 100 nm diametsr spherical amorphous particles {with P
packing dansity similar te that in octacalciwm phosphats ) with a
50% void wvolume {porosity) then it is estimated that -~ 2.10Y

riticles will be present. It 1s likely that this nanomineral

r"}

pa

v

L peen previously ckhserved/characterised because the

(8]

FECI o

e
o1
;\\

sarticises are small and processing technigues for analvsis must
= Je

-

be carefully controlled to avoid aguecuz dagradation.
There are several notable and unusual features to this
nancmineral. Filrst, it remains as discrete {dispsrze), self-
asszemblied nancparticlies. Whilist the formation of sndogencus
nanominerals is well known {s.g. ferribhydrite in the ferritin
molecule core, or bioclcogical apatite as the primary crystallite
structure of bone} these are templated by organic subsitrates. In
contrast, ectopic selif-assembled mineralisation normally invelves
uncontrelled precipitation and aggregation of the particles.
Secondly, the minimun lon activity product reguired to form

amorphous calcium phosphate, In preference Lo more cryataliine

52
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calcium phosphates, 1s generally too bhigh in vivo, and so
Biclogical amorphcoeus calolum phosphats is rare. In humans
evidaence for the cccurrence of amorphous calcium phosphate in

bone, for ample, ls poor, althougdh it may play a transient role

5 in initiation of matrix vesicle biomineralisaticn. Bvan then,
amorphous calcium phosphate, being the least stable of the
caloium phosphate phases, rapildly converts to octacaloium

rhosphats and cnwards to apatitic-type structures. In the gut,

sle in

however, the calcium phosphate nancmineral appears st
10 amovrphous form from the lumsn right through to delivery to the

mucoszal immune cells and iz presumably stabiliszed by the

o

g content and substantial crganic cargo,

relatively high
Importantly, azs the most rsadily scluble form of
phosphate, lysocsomal conditions would allow rapid dissclution of
15 ~he endogencus nanomnineral and release of the organic cargs
derived from the gut lumsn. Indeed, a third unigue property of
these endogenously formed nanominerals is thelr sxtensive
porosity and their ncotable functional capacity e trap luminal

moiecules and deliver them to Pever’s patch AP(Us via the M-cell

20 portal,

These sxperiments ldentified peptidogivean and dietary protein
antigen sz tTwo targets for Lrapping and immuns cell-delivery by
the amorphous calcium phosphate nanoparticles, and other

2%  wmeolecules could similariy he employved as cargo moelecules, and,
for ezample be chaperoned to Pever’s patch APCs. The
gastrointestinal lmmune systewm has an apparsnt array of

chanisms to sample luminal materi and gesnerate appropriats

{telercogenic as the default) immune responses. This work shows
20 that amorphous calcium phosphate nanoparticliaes that trap cargo

moelecules sueh as luminal antigens and microbial-aszssociated

ils to sub-

melecular pat (MAMFS), with delivery across M-
epithelial APCs, may form an important part of the gut’s immunse
surveillance and tolerance network. Indesd, the brush border

35 enzyme network may destroy free or particis-adscorbed MAMPz and

antigens so that only nanomineral-inceorporated corganic molecules

on
Ll
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can safely traverse the Pever’s patch apical mucosa te underlving

immune cells.

Overall, these aspscits of the preszent invention provide new
insights into the interplay between nutrition, gut physiolegy and
the mucosal immune systenm mediated by self-assembled endogenous

nanoparticles. In particular they suggest answers for {(a) why

the Pever’s patch has such a remarkable ability for ths uptaks of

non-biological nanoparticles in the ~20-250 nm rangse (b)) how,

under constitutive conditions, luminal antigsen and MAMPs can

Q

reach APCs of the deeper, sub-spithelial dome without priocr
enzymatic degradation or engaging spithelial responsss (o) why

there are ‘“gbligatory’ endo calcium losses into the gut

(9]

anoii

s

lumsn.

Part IT1: The development of synthetic mimetics of ACP
naneoparticles, their characterisation and use g8 carrierxs of
CATFO

Based on the above findings in Part I that in the
gastreinteatinal tract, calclum lons and phosphate ions
precipitate and form nanoparticles that trap organic molecules
pregent in the lumsn for delivery to gut mucosal immune cells,

the present inventors carried ocut experiments to produce

gynthetic mimetl of sndogenous intestinal calcium phosphate
nanoparticles and to determine whether thev were stabkle and

capable of acting as carriers of cargo moleculies,

Example 1: Synthesis of dwmoxphous Calcium Phosphate (BMCE}
particies

Synthetic Amcrphous Calcium Phosphate {(“ACPY) particles were

prepared using a medified protocosl of Boskey and Posner {Bosksy
and Posner, 1974). The modification conszisted of the addition of

magnesiwm (Mg?') and/or by carrving cut the synthesis in the
presence oL a range of molecules capable of hecoming trapped
inside the MMCP particles to enhance phase stability. The

synthesis process for leaded and unlcaded AMCEF particles was

based on the rapid addition of & phosphate {FOs) solution toe a
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3

calcium sclutlion both buffsrsd at alkalins pH {(typically pH 8 or
9 and Tris buffered). Initially, an amorpheous caloium phosphate
{ACP} phase 1z formed that tends to convert Lo more cryatalliine
phasses. The converslon process can be prevented, or at least

5 inhibitved, by the addition of Mg? ions and/or by carrying out ths
synthesis in the presence of a wide vange of molecules capable of

becoming trappsd inside the AMCF particies.

By way of illustration, 18.1 g Trizma-base C4H1:NO: was dissolved
10 in iL ultra-pure water to make a 0.15M solution of TRIS buffer

The pH was adiusted to pH 8 by drop-wize additicn of hydrochlo
2.6 g
Cally 2H:C teo 500 mis TRIS-HCL buffer containing 0.73 g of

acid {(TRIS-BECL). Sclution A was prepared by adding

MgTl,.2H:C and the pH adiusted to pH 8. Solutlion B was prepared
Q) £ . 5 i

(92

by adding 2.6 g (NH;} ZHPO, to 50C mls TRIS~HCI buffer and the pH
adijusted to pH €. Egual amounits of solution A and B were then
mixed togsther (v/v) and rotated for an hour at room temperature.
After an hour, the resulting particles were washed twice in pi 10
water and cnce in acetons, Particles were then dried overnight

20 at 50°C and weighed. On average 2.19 mg + 3.14 (n = 4) of dried

AMCP powder was recoverad pery ml of particle preparation.

Example Z: BSynthesis of Amcrphous Calcium Phosphate (AMIF)

particles containing a protein

B
5

BCP particles were preparsed as describsd in Example 1 with the
modification that protein as ezemplified by bovine zerum albumin
{BSAY or avidin was added teo scolution & to vield I mg/mi. Egual
amcunts of solutlicon A and B were than mixed together (v/vi and

rotated for an hour at room temperature. After an hour, the

&)

30 resulting particles wsre washed twice in pH 10 water and the
resulting pellet of particles diszolved in citric acid buffer (10
mM, @R 3). The lev of protein incorporated into the particlas
was measured by the Bradford protein assay. On ccoasions,

-~

particles were also dried covernight at 50°C and powdsrs s

sT)
Q.

ighe
in = 4, after two washes 1n acetons). On average Z42.9% ug *

ta]

[VS]
(611

76 pg oavidin {(n = 1} was present in 2.32

47,77 {n = B} BSR or 1857.%

o

mg + 0.14 ACP powder {(n = 4},
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Example 3: Synthesis of Amorphous Caleium Phosphate (AMIP)
particies containing a protein and a crude bacterial motif

BMCP particles were preparved as desoribed in Example 1 with the
medification that BSA and dyed (Femazcel Blus Brilliant; Zhou et
al, 1988} crude peptidoglycan from S. Aureus were added to
aolution A to vield I mg/ml and 140 yg/mi, respectively. BEqual
amounts of solution A2 and B were then mixed together {(v/v) and
rotated for an hour at room tempsrature After an hour, the
resulting particles were washed twice in pH 10 water. The
resulting pellet of particles was dissolved 1n citric acid buffer
for gquantification purposes and the level of protein incorporated
into the particles was measured by the Bradford protein assay
while the amount of dyed peptidoglycan was read at 5%5 nm. On

=

average 270.5 nug £ 13.33

’
{

(nn =3} BSA and 45.20 % 0.8%% ug (n = 4)

crude Pg were present in 1.98 mg ACP powder {(n = 1).

Example 4: Synthesis of Awmorphous Calcium Phosphats (BMCP)
particles containing a protein and & soluble bacterial motif
BMCP particles were prepared as described in example 1 with the
modification that BSA and soluble psptidoglyecan from E, Coli wers
acdded tc selution A to vield 1 mg/ml and 100 ug/ml, respectively.
Bgual amounts of solution A and B were then mized together {v/v}
and rotated for an hour at room tempsrature. After an hour, ths
resuiting particles were washed twice in pH 10. The resulting
pelist of particles was dissclved in citric acid buffsr for
guantification purposss and the level of protein incorporvated

into the particles was measured by the Bradford protein assay

while the amount of zoluble peptidoglvean was assessed by the
adapted Feriodic Schiff As=zay (Jugdachsingh R, 199%). On avarags
232.% ug * 14.62 {(n = 5} BSA and 2%.471% 12.83 ug (n = %} socluble

Py were presant in AMCP particles,

Example 5: Synthesis of Amorphous Calcium Phosphate (AMCP)
particles containing a protein and a scluble complex

polysaccharide

[
(o2
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AMCP particles were preparsd as described in Example 1 with the
modification that BSA and solubkle starch were added teo solution A
to yvield 1 mg/ml oand 100 ug/ml, respectively. Egual amounts of
solution A and B were then mixed togsther (v/v) and rotated for
an hour at room temperature. Affter an hour, the resulting
particles were waszshed twice in pH 18. The resuliting pelliet of
particles was dissolved in citric acid buffer for guantification
purposeas and the amount of scluble starch incorperatsd into the
particles was assesssd by the adapted Periodic Schiff Assay
{(Jugdaohsingh R, 19%%}) and found to be 45.9% ug {(n = 1}.

Example &: Synthesis of Amorphous Calgium Phosphate (AMIP)
parxticles containing & proftein and an immunogen

BMUP particles ware prepared as described in Exampls 1 with the

modificaticon that BSA was added to solution & to vield 1 mg/ml

while Protein Purified Derivatives {(PPD from M. Tuberculosis) was

1 ¢

addad to sclution B to yield 200 pg/mi. Equal amounts of

on A and B were tThen mixed tLog {(v/v) and rotated for

an hour at room temperature. After an hour, the resulting
particles were washed twice in pH 10. The resuliting pellat of
varticles was dissolved in citric acid buffer for quantification
purposes. Levels of proteins incorporated into the particles
were measured by the Bradford protein assay and by tThe PAS assay.

oA
FReX-

»[h
)

Om average 188.9% pg # = 4} BSA and BL.81 * 20.07 pg (n =

[;4

3) EPD wers present in ACP particles.
Example 7: Synthesis of Amorphous Calcium Phosphate (AMIP)
particies containing protein and a cyitokins
AMCP particles were prepared asg described in Exampls 1 with the
modification that BSA was added to sclution 2 to vield 1 mg/ml
while Thymic Stromic Lymphopolstin {TSLP} was added to scluticn B
to yield 100 or 1 ng/ml. Egual amounts of scolution A and B were
then mixed together {v/v) and rotated for an hour at room
temperature. After an hour, the resulting particles were washed
twice in pH 10 water. The resulting pellet of particles was
dissolved in citric acid buffer for guantification purposes and

the 1le

of TSLY incorporated into ths particles was measured by

-
>
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an ELISA specific for TSLP and found to be 1.38 ng {n = 1) and

25,72 pg (n = 1)}, respectively.

Example 8: Synthesis of Awmcrphous Calcium Phosphate (AMCF}
pearticles containing iron oxide-containing particies and proftein
cr “AMCR/RSA/Fa”

AMCP particles ware prepared as described in Ezample 2 with the

modification that the sclution of Ca®™/Mg?'/BSA was additionally

mixed with 100ug/ml iren oxide scolution. The resulting soluticn
was then mixed with an egqual volume of POy sclution to allow
particle precipitation.

Structural characterisation of synthetic calcium phosphate

particles
Synthetic calcium phosphate particles prepared in the abssnce

{i.=, AMCFE/BSA} or pressnce of small iron oxide nanoparticles

{i.a. &NCP/th'& &) were fixed in the non-agueous rezin ‘Quetol

6517 and sect cut to 70 nm thicknesses. Tomography
experiments based on high-angle annular dark-field (HAADE)
imaging in the scanning transmission electron microscopy {(STEM)
mode were performed at Z200kV on a FEI Tecnai F20 electron
microscops tilting the sample from ~42° to +70° at 2° intervals
about a single axis wusing a Filschione 2020 uvitra-high-tilt
tomography holder. Tilt series were aligned and reconstructed
using Inspecti3D software and AMIRA scoftware was ussd for

vizualization.

guantification of the crganice Ffraction contained within ths
synthetic calcium phosphate particiles

Following synthesis, particles conbaining cargo molecules such as
BSA or sPg {alone or in conjunction) were centrifuged at 1,500
rpm (5 mins) and supernatants collected. Next, particles were
washed twice in pH 10 water. Then, for quantification purposes,
particies were dissclved in 180 mM citric acid buffer (pE 3) to
release the organic material., Total protein content was measured
using the Bradford protein assay (as per manufacturer’s protocoel,

L

Bio-Rad Laboratories, UK) while Pg matter was guantified using a

g

[$1
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modified Pericdic Acid Bchiff assay (PAS; Jugdaohsingh R et al,
1299y, This assay relies on the formation of a purpls complex
whosze absorbance is proportional to the amount of polvsaccharidses
in soluticon. Samples and standards {100 pl) were Ffilrst incubated

5 with 92 mM zodium pericdate in .5 M suiphuric acid {10 pldiwell,

37°C for 30 min with ccocasional shaking) and then with 2.7 3%

sodium arsenite in $.68 M HCL (20 ul/well) at room

4

8 plate shaker (40 mins). Following the additicon of Schiff’s

raagent {50 pl/well; Merck KGad, Germany) and a further 30 mins

&

10 incubation at 37°C, the plats was read at 540 nm. CQoncentration

of poliysaccharides were determined against a standard curve
soluble Pg (0-250 gg/ml) and prepared in the lyzate of AMCP/BSA

particles to account for sample matrix.

i5 Bize measursment

Mancparticle Tracking Analy:

(u

iz was performed on a Narnosight NSLHOO

“ware, For

(Manczight, Ameshury, UK} using NTA2.2 Analviical 3o

sach experiment samples were measured in ftechnical triplicates

,..
(o)
<

zec each} and results averaged. Data ars shown as nean of

20 three independent expsriments,

Determination of slewmental composition
Synthetic calcium phosphate particles were diszsclved in 5 % HNO3

{Sigma-Aidrich Company Ltd., Dorset, UK} prior to ICP-0ES

A
3]

analysis. Samples were analysed using the JY2000 ICZP-0CES {(Horiba

Jobin Yvon Ltd., mmore, UK} and Ca and P were detechted at

394.847 om and 177.440 am, respsctively. Quantification was
rerformed using sexternal standards {(Calibkration Standard
Scluticons 1000 popm, Fisher Scientific UK Ltd, Leicestershire, UX;

30 0.5-50 ppm) . Total Ca and P were obtained from particle

after dilution in TCM

]
]
fmde
i
o)
3

suspensions collected after asynthe
while alicuots of particle suspesanzions were ultra-filtersed [MWECO
3 kba, 10 min, 12.000 rpm) to deternmine the zoluble Ca and P

fractions. Background cgorrecticon was performed using the Ca and

o0
o5

P values obtainad from 210 {i.s. the TCH) that had been subjected
Lo the same trsatment as particle suspensions. The elemental

particulate fraction was then calculated az the difference

54

L



WO 2015/067939 PCT/GB2014/053291

batwesn totel and zolubkle elementsl composition.

Cell iscolation
Laukocyte cones (n=7) were purchassd from the National Blood

Service, Uambridge, UK, and periphsral blood mononuclear cells

[$2]

1

(PBMC) isclated by density centrifugation with Lymphoprep {(Axis

Shielid Diagrnostics Ltd, bundee, Scotliand) as separvating medium.

n
[ 93]

Briefly, blood was diluted with HB Sigma-Aldrich) and 25 ml of

P,
tu

tl’
i

diiuted blood carefully lavered ov i ml Lymphoprep. After 20

10 min centrifugation (800 x g, brake off) ths resulting laver of
e

mencnuclear cells was collsched, three times washed in HBES3, and

then re-suspended in BL0 (RPMI-1640 medium (Sigma-2ldrichi,

supplementad with 10 % heat lnactivated fa calf zerum {FPAA
Laboratories Ltd., Dorset, UKy, 100 U/ml pe Ilin, 100 ug/mi

i5 streptomycin, and 2 nM L-glutamine {all Sigma-Aldrich}} at a
concentration of 5.106 cells/ml for further enrichment of

moenoecytes.

To this end, & sscond density csntrifugation was performed as

20 described by Martinez. In brief, the density medium Percoll
{(Sigma-Aldrich) was osmoclarvised te 285 mOsm by mixing 9.25 parts
of Percoll with C.7% parts of 10x IPFBS (with calcium and
magnesivm; Sigma-Aldrich), and was then diluted to 46 % (v/v)} in
B10., The PRMC suspeansion was carefully lavered over an egual

25 volume of 4¢ % solution of 285 mOsm Percoll, After 30 min
centrifugation (400 x g, brake cff} the resulting layer of EBMC

enriched in monocytes was collected, three times washed in HBSS

-~ ~

and firvally re-suspended at 1.3108 celis/ml in RL0. Monocyte-

o2

enviched PBMC routinely showsed a viability of 2 9% as
30 determined by trypan blue (Sigma-Aldrich) exclusion aszay {and

AN

o

o

i

onsiste of CDl4+ monocvies as measured by flow

\ﬂ
0]

i

cybomstry?) .

Call stimulation

ad stimulaticn of monccyte-enriched PFEMC were perfocrmed

Lo
[
2
o
E;._J
et
4
i

a
in sterile 1% mi Falcon tubss {Stariab UK Ltd, Milton Keynses, UK)

o7 (v/\f".

Ls/ml and at 37 T4/ 5 % 02, Freshly isolated
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monooyte-enrichaed PEMI wers rested overnight following which they
warse replenished with fresh tisasue culture medium (namsely DIG:

\

DMEM {Sigma-Aldrich) supplemented with 10 % heat-inactivated
zerum, 100 U/mi peniclllin, 100 pg/ml streptomycin, and 2 md L-
glutamine). 5.10% gells waere then stimulated for 3 hrs with
vehicle D10 as negative contrel or with 4.4 ug/ml scluble

-

peptidoglycan {from Escherichis coli: Source RBioSaience plo,
Nottingham, UK) either in scluble {8Pg) or particulate
{BMCP/B5A/sPg) form. This was achieved by preparing 40 ug/ml sPg
in D10, or synthesising AMCE/BSA/sPg particles with 50 pg/ml sPg
{to account for sPg losses during particle washss), and adding
125 wl stimulant per ml of cell suspension. After 3 hrs
atimalants were removed and cells washsad twice in HBSH befors
they were lysed with Nuclelic Acid Purification Selution {(Life
Technologies Ltd, Paisliey, UK} and cell lvsatss storad at =80 °C

pricr to RNA isclation,

REA extraction

Total ENA was purified using an Abl Prism 8100 Nuclelc Acd
Prepitation {Applied Bicaystems, UKE) following manufacturer’s
instructicns and including a wash step with AbsoclutaRNA wash
solution {Applisd Biosystems), again as per manufacturer’s
instructicns. <Concentration and purity of eluted ENA wars
determined on a NanoDrop ND-1000 Spectrophotometer (Labtech
Internaticnal Ltd, UK). On occasiong and te incrsase nucisctide
concantration, a second purification procedure was performed
using RMeasy MinEloteTM Claanup Kit {Qilagen Litd, Manchester, UK)
according to manufacturer’s instructions. Samples were stored at

~#0°C until further microarray processing.

Microarray processing

Total BNA (100 ng) was labsiled using an Ambicn WD expresslon kit
{Life Technologies, RBleiswiik, The MNetherlands! and hvbridized to
human whole genome Genechip Human Gene 1.1 8T arrays coding
19,722 genes, (Rffymetrix, Santa Clara, C&). Sample labelling,
hybridization toe chipas and image sceanning was performed according

to manufacturer's instructions.
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Microcarray data analysis

Microarray analysis was performed using MADMAY pipelins for
statistical analysis of microarray data. For furthsr analysis a
custom annotation was used based op recrganized oligonucleotids

probes, which combine all individual probes for a gene. Only

genes that had at least filve probes present on the arvay were

taken o account.  Expression valuss were calculated using

robust multichip average (RMA} method, which includes guantile

noermalisation. Microarray data were filtered, and probe sets

with expression values higher than 20 on more than four arravs

%

er

&

considered to be expressad and selectad for further

O]
ot
u
(..*,

.,;

istical arnalysis. In addition, an Inter Quartile Rangs {IQR)

cut-off of 0.25 was used to filter out genes that showed little
variaticon betwesn the conditions. Significant differences in

axpression werse assessed using paired Intensitv-Based Moderated

T-gtatistic (IBMT [D]). Genss were defined az zsignificantliy

changed when the p value was <0.01.

To assess similarity of gsne regulation by peptidoglycan in
soiuble and particulate form cnly genes that were significantly
changed by at least one of the two treatments were considered.
For those, the average signal log ratiocs (SLE; logarithmic fold
change) of each stimulant comparsd to control treatment were
calcoulated and visualisad in a correlation plot {where each dot
represents a single genei. [The line of perfect correlation was
overlald on the data and borders corresponding to twofold up- and
down-regulation calculated by adding +1 or -1 to each point of

the line of perfect correlatlion.]

Results

Syvnthetic mimetics gensrate porous amerphous calcium phosphate
nanoparticles

Calcium phosphate that were synthesised using a modified protocol
from Boskey produced homogenous nanoparticles in the same siza

range to thelr in vivo intestinal counterparts {Filgure 1A} and

comprised predominantly calcium, phosphorus and magnesium (Figure

62
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i8) . <Consistent with our priocr in vivo findings, analysis by
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM: Figure 1C-E), and then 3D-reconstruction
of protein-loaded synthetic AMCP clusters (Figure 1F-I) confirmed

2

5 the porous naturs of the particles (pore average size of 1-3 nm.

Synthetic mimetics template arcound inorganic and organic
copponsnts
The results showsd that porosity was in part owed to the

LG marticles templating around irwrganic and crganic componsnts that
were present in the mother scluticons {e.g. ilron oxids

nanoparticies, proteins and/or bactesrial componental. Indeed,

when synthetic mimetics were prepared in the presence of iron
oxldes nanoparticles, TEM showsd syanthetic amorphous calolum

15 phosphate nancparticles with small nano-iron particles
incerporated throughout {(Figure 2a). Scanning transmisaion
electron microgcope (STEM) tomographic reconstruction of a
synthetic amerphous calcium phosphate nano-ircn particle
additionally confirmed the uniform internal and external

20 distribution ¢f the smaller nanc-iron particliles (Figure ZB-D).
Overall, synthetic mimetics were found Lo incorporate 50-70 % of

added organic material {(Figure 2E;).

In further expsrimsnts, cargoe melecules including Muramyl

25 dipeptide {(MDP}, Lipopolysaccharides (LP3), Poly I:0 and Retinoic
aclid (RA) have been shown To be incorporated in synthstic AMOP
nanoparticles according to the prassant invention.

Synthetic mimetics remain stable under cell culiture conditions

20 Having succsssfully generated mimetics for intestinal endogenous

svancs/function

nanomineral, and te further undsrstand their
in viveo, ws first verified whether amcrphous calcium phosphate
nancparticles kept thelr structural and chemical properties when

2

tested in cell culture conditions. As shown in Flgure 3, mimsiic

3E calelum phosphate in the presence of their carge kept their Ca to

P ratic and their average size of 7lnm.
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Synthetic mimetics are a silent antigen delivery platfozm
Investigaticns were tThen carried ocult to investigate whether these
particies were well taken up by primary impuns cells and whether
their uptake would modulate the immune responses to the cargo
carrisd therein. Incubation with synthetic mimetics proved safe

s no cell death ensued. Secondly and as shown in Figure 4,

W
Pz

these nanoparticles (Figure 48, calcein) were efficiently takso
up by monocytes (Figure 4B, CDL4) and transported to lysosomal
compartments (Figure 48, CDIC7 and overlay). Furthermors, 1t was

interesting to notice that while uptake of particles containing

bactsrial components {i.s. {Figure 4A}, the

Q

vrarticles per se did not change the gerne expression profile
obtained when the zame dose of peptidoglycan was deliversd on its
owrn: {Figure 4C}. Figure 10 shows the average log?Z expression
values of ganss, after 3 hour exposurs to synthetic AMCE,
correlated against those of vehicle control treatment (n=7).

This demonstrates that cells challen

v with protein~ioaded
synthetic AMCP nancparticles displaved a similar transcriptomic
*signaturs’ to that of unchallengsd (control) cells. Theoretical
line of perfect correlation is shown in black while the borders
correaponding toe twofold up~ and down-regulation are shown in
red, In summary, synthetic mimetics of the endogenous intestinal
calcium phosphate nanominerals proved to be a safe and suitable
platform for antigen delivery, and unlike other calcium

phosphates, deliver theilr cargs in a silent/inert fashion.

Part IXY: Celliunlar properties of awmorphons caleium phosphate
nanoparticles

Reduced antigen specific CR4 T-cell reésponses to antigen~
Iipopelysaccharide co~delivered by intestinal amorphous caloium

phosphate nanoparticis mimetios

This data demonstr: inhibition of antigen specific T
rezponsss by particulate carriage of MAMP is not restricted to
that of peptidoglycan and additionally includes

lipopolyzaccharides co-deliversd with T cell antigen by the

O
{
i

amorphous magnesium-substituted calclum phosphate materials

the present invention {(Figure 5).

654
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AMCE and the inflammasons
FEMC from 2-4 subjects were first pra-stimulated with LPS for 3

hours (10 ng/ml, stripsd columns), or without (solid columns), to

induce pro~IL13 and then furhh cubbated (3 hours) with a

negative contbrol {(i.e. tlasus culture medium) or with ACP/BSA.

v

As shown in Flgure 68 and B, ACZP/RSA did not inducs IL-18

Ui

rezpenses any diffsrent Lo that observed for the negative coantrol
at any of the time points studied. This was also true for
articles carrving an additicnal peptidoglycan (sPg) component

P,

inte thelr carge {(Figure BC-D).

Wnile ACP/BSA particles did not sesm te significantly medulate

the rasponses toe Pg at the IL-1p3 level (Figurs 7A), these howsver

D

seemad btoe lacreas

p

2 the secretion of the anti-inflammatory IL-10

(Figure 73).

Overall, the da

demonstrate that synthetic mimstics of the

sndogensus calcium phosphate nanomineral <o not activate the

1)

inflammasoms platform, are able to daliver their cargo to the

&

- -

cells, do not modulate IL-1f responses toe Py but may rather
increase anti-inflammatory signals. This means that the
amorphous magnesium-substituted calcium phosphate (AMIP)
nanoparticles of the present inventicn have the property of aot
masking or altering the antigsn presentation of the cargo
molecules to cells which have taken up the nanoparticles. This
means that the AMCP nancparticles may be used as a delivery agent
for the cargo molecules that substantialliyv does not result in an

adiuvant effact caused by the AMCP nancparticlss themselves,

Paxrt IV: The Bole of PL~-LI Expression in Crohn’s Disease
Methods
Srnap frozen human ileal tissue sectlions containing Pever’s patch

are purchased from a tissue bank (Tissue Solubtions, UR) with

s

appropriate ethics in place. Contrel samples wers from the
e

Uz

I

section margins of patients with tumours or ulcerative coliti:

1

with Tleal carcinoid tumours, with adsnccarcinoma of the

w

()
[ S}
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colon, 1 with malignant melanoma of the small intestine and 2
with ulcerative colitis). The Crohn’s dissase samples were from
patients with differsnt Crohn’s diseasze anatomical locations (3
ileal, 1 ileocascal, 2 with both ileal and large bowel
invelvement and 1 colenilc only). Section staining and confocal

imaging were undertaken in pairs {or multiples theresf) such that
one Crohn’s section waz always accowmpanisd by one non~Crohn’
section with identical treatments to both. Hence, all samples

were eqgually secticned and co-ztained.

Peyar’s patches were cryo-sactioned (Leica CM3IG50%) at 14 um and
collectaed orn SuperFrost® slides (Thermo Sclerntific, USA} and
allowed to alr dyy for 30 min at room temperature.

After fixaticn in 4% formaldehvds (4 "C, 15 min), human sections

were washed with Tris huffered sall

= {pH €.0) and incubated with
mouse anti-Human PD-L1 [ (MIHL)} =PRioscilence (14-159832)] primary
antibady for four hours at 4. After further washing in Triaz
buffered saline {(pH §.8), the silides were then incubated with
Alexa Flucor® 588 Goat Anti-Mouse [Igh {(H+L}, Iavitregen Lifs
Technologies {(AL1004)1 secondary antibody for two hours at 4 °C.
To ailow detection of nano-mineraliszed caloium phosphate,
sections were then washed in three changes of Tris buffered
saline {pH 8.0}, for &% min each and incubated with calcein Tris-

BCL sclution for 1.5 hr, at 4 °C in the dark. Following

incubation, ths sections efully with thres changss
of Tris buffered zaline {(pH 8.0), for 5 min each and finally
counterstained with the nuclear dye To-Pro-3 (Invitrogen Life
7

Technologles, lum}. After three changes of Tris buffered saline

(pi 8.0}, for 1 min, sections were parmanently mountasd with

——

FroLong® gold antifade reagent {(Invibtrogen, UK}.

Sections ware imaged with a Teica DMIREZ microscops (Leica

3,

r::g
(2]

Microsystems, Germany) abt 4 68 or 633 nm, fitted with diode

ARr/ArKEr and HeNe lasers, using x63, 1.2 WA water obiasctive

{u

lens. Data were raccordsed uvszing the Leica Confocal Zoftware
2,01 and images processed using the open-source imaged

RN
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software., Idsntical imaging and data collection routines were

applisd toe Crcochn’s disease and Non~Crohn’s diseass zections.

Resulis and Conciusions

~

Consistently, the imaging showed similar numbers of Calgein

oh

-

pesitive ceglils in the sub-epithelial dome of Peyer’s pat

Ivmphoid follicles from both Crohn’s and non~Crohn’s tissue
zawplses, However, whilst the Calcsin positive cells also showsd
high expressicn of PD~L1 in the tissue samplies from non-Crohn’s
disease subjects, and again consistently so, thev were mostly PD-
L1 negative or, at the most, PD-L1 low in the Crohn's dizease

samples. Pressnce oy absencs of tumours or inflammation in the

samples imaged could not explain thass cbaervations. Similarly,

site of disease {i.2., whether ileal, colonic or both) could not

azplain these findings. There was no ship to age eithsr.
The conclusion of this work is that failure to appropriately
express FO-LL on cells that recelve and present luminal antigsn
in the intestinal ilvmphold follicles underlies the cause of
Crohn’s diseass because this antigen will not be presentad in a

¥

telersganic contexzt. Whilst not wishing to be bound by any
particular thsory, the present inventors kbelisve that an inhersant
failure in these cells to up-regulate PD-L1 in response to
peptidoglyean, that is similarly deliversd by the luminal
nanomineral, explains why these cells are so universally low in

P-L1 in Crohn’s disease.

(3]
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Claims;

-

i, A compozition for use in a method of delivering a

biclogically active cargo material o the gastrointestinal tract,

2

5

wherein The compozition comprlzes amorphous magnesium-substituted
calcium phosphate (AMCP), which entraps a biologically active

cargo material, thereby enabling the cargs material ko

o3

be
delivered to a site of interest in the gastrolintestinal tractk.

2. A composition for use 1n a method of treating or preveniing
a condition by delivering a bilologically active cargse material to
the gastrointestinal tract, wherein the composition comprisss
amorphous magneszium-zubstitutaed calcium phosphate (AMCP) which
entraps the biclogically active cargo material, therebvy enabling
the carge material to be delivered o a site of interest in the

gastrointestinal tract.

nt

. A method of delivering a biclogically active cargo material
to the gastrointestinal tract, the method comprising
administering to a sublect a conposition comprising amorphous
magnesium-substituted calclum phosphate (AMCP) which entraps the
bicleogically active cargo material, thereby enakling the cargs
material to be deliversed to a aite of interest in the

gaztrolntestinal tracth.

4. A method of treating cor preventing a condition by delivering
a bilologicslly active carge material to the gastrointestinel
tract, ths methoed compriszing administering te a subiect 1n need
cf treatment a compositicon comprising amorphous magnesium-
substituted calclum pheaphats (AMCP) which entraps the
biologically active cargo material, thereby enabling the cargo

sayrial to be delivered to a3 site of interest in the

gastrointastinal tract.

5, The composition for use in a method of ftreatment or the
method of treatment of any one of the preceding claims, whereln
the magnesium-substituted calcium ghosphate 15 amorphous as

determinaed by X-ray diffraction.
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Fas

G, The compositicon for use 1n 3 method of itreatment or the

method of tresatment of any cone of the preceding claims, wherein

o

the ¥-ray diffraction pattern of the amcrphous magnesium-

(9]

substituted calclum phosphate 1s bread and diffuse with a maximum

at 25 degres 2 theta.

7. The composition for use in a nmethed of treatment or The

athod of treatment of any ons of the precading claims, whersin

fa)

the X-ray diffracticn pattern of the amcrphous magnssiuvmn-

ot

O

T

Q.-

cis

Lu

substituted calcocilum phosphats lacks cone or more peaks ass

t

L

m

E"

with the X-ray diffraction pattern of crystalline hydroxyapatd

g. The compezition for use in a method of treatmsnt cr ths

-
Ut

method of treatment of any one of the preceding claims, wherein
the ancrphous magnesium-substituted calocium phosphate is capakle

of dispersing to form nanoparticles that are capable of uptake by

is in the gastrointestinal tract.
20 9. The composition for wusse in a method of treatment cr the
method of treatment of claim 8, wherein the nanoparticles are

capaple of uptaks by gut mucozal immuns cells.

iC. The compositicn for uses in a method of treatment or the

o)

treatment of claim 8 or claim %, wherein the cells in

[
=
o}
ns
by
O
{2
o}
h

tinal tract are antigsn-pressenting lmmune cells

oresent in The gut.

=

The compositicn for use in & method of ftreatment or the

30 method of treatment of any one of the preceding claims, wherein
the compeaition delivers the biclogically active cargo material

to Peyer's patches or to Mesenteric Lymph Nodes (MLN).

12, The composition for use in a method of treatment or the
35 method of treatment of any cone of the preceding claims, wherein
the composition is for oval administration, nascgastiric

Grintatration or rectal administration.

~~i
jand



10

15

20

25

30

35

WO 2015/067939

PCT/GB2014/053291: 12.12.2014
PCT/GB 201pCT/GB2014/0532911-2015

13. The composition for use in a method of treatment or the
method of treatment of claim 12, wherein the composition is

encapsulated for oral administration.

14. The composition for use in a method of treatment or the

method of treatment of any one of the preceding claims, wherein
the amorphous magnesium-substituted calcium phosphate is capable
of dispersing to form nanoparticles that are capable of uptake by

CD11lb positive cells and/or CDllc positive cells.

15. The composition for use. in a method of treatment or the

method of treatment of any one of the preceding claims, wherein
amorphous magnesium-substituted calcium phosphate is capable of
dispersing to form nanoparticles that are capable of uptake by

dendritic cells and/or macrophages.

16. The composition for use in a method of treatment or the
method of treatment of any one of the preceding claims, wherein
the amorphous magnesium-substituted calcium phosphate is for use
in a method of treating an autoimmune disease, cancer, food

allergies and/or intolerances.

17. The composition for use in a method of treatment or the
method of treatment of any one of the preceding claims, wherein
the amorphous magnesium-substituted calcium phosphate is for use

in a method of treating or preventing inflammatory bowel disease.

18. The composition for use in a method of treatment or the

method of treatment of any one of the preceding claims, wherein
the amorphous magnesium-substituted calcium phosphate is for use
in a method of treating or preventing Crohn’s disease or coeliac

disease.

19. The composition for use in a method of treatment or the
method of treatment of any one of the preceding claims, wherein

the amorphous magnesium-substituted calcium phosphate is for use

72
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in a methoed of vaccinating a sublject and the biclogically active

cargo melecule iz a therapeutic vaccing composition.

. The compoesiticn for uss in 3 method of treatment or the

<

5

& method of treatment of claim 19, wherein the therapeutic vaccine
composition 1s for the treatment cr prasvention of cancer.

2%, The compositicon for uss in a method of treatment or the

methoed of treatment of claim 20, whersin the cancer is a Myeloid

16 Leukaemia.

22, The composition for use in a method of treatment or the

method of freatment of claim 19, wharsin the therapeutic vaccine

('\

x

omposition is for the treatment or prevention an autoimmuns
seazes, wherelin the vaccine composition is capable of inducing

di
tolerance towards avtolimmune T cell and acto-antibody responszes.

23, The composition for use in a method of treatment or the
method of treatment of clalm £2, wherein the aubtcimmuns condition

20 is multipie sclerosis,

&4 . The composition for use In a method of treatment or the
method of treatment of claim 19, wherein the therapeutic vaccine
compositl is for the treatment or prevention inflammatory bowsl

dissasze.

@3]

Z5. The composition for use in a method of treatment or the

A

of treatment of claim 24, wherein the inflammatory bhowel

diseasze 1z Crohn's diseass or coellac disesse.
30
26. The composition for use in a method of treatment or the

claim 1%, whersin the therapeutic vaccine

Fay

method of treatment of
gomposition is for the frsatment or prevention of tvype 1

diabetes.

i1

27 . The composition for uss in a method of treatment or the

mathod of treatment of claim 19, whersin the therapeutic vaccine

73
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o

composition 1s for Lhe treatment or preventicon Systemic Lupus

Ervihematosus (53LE).

28. The compoeosition for use in a method of trsatment or the

5 method of fLreatment of any one of the preceding claims, wherein

the carge material is a cargo molecule or cargo nanoparticie.

29, The compositiocon for use in a method of treatment or the
method of fTreatment of any one cf the preceding claims, wherein

23

u}

10 the amorphous magnesium-substituted calcium phosphate compris
aggregated nancparticles that are capable of dispersing to
deliver the biclcgically active cargo molecule to the sitse of

interest.

(81

@ in a method of treatment or the

i

30, The compasition for us
method of treatment of claim 22, wherein the nanoparticles are
metal-based nancparticlies or metal ocxco-hydroxide based

nancparticies.

20 31. The composition for use in & method of treatment or the
methed of treatment of any cone of the precsding clalms, whereln
the amorphous magnesium-substituted caleium phosphate iz a silent
delivery platfcrm that doss not causs an adiuvant response to the

amorphous magnesium-substituted calceium phosphate at the site of

25 interest that 4iffs gubstantially toe the rssponse to the

biclogically active carge material alone.

37, The compesition for use in & method of trsatment or the

method of treatment of any one of the preceding claims, wherein

Lo
T

the amorphous magnesium-substitutaed calcium phosphate iz a silant
delivery platform that does not cause a direct transcriptional

response Lo the amorphous magnesivm-substituted calcium phosphate

e of interest.

98]
%2
(¥}
98]
.

-3
vy
¢

compesition for use in a method of treatment or the
method of treatment of any one of the preceding claims, wherein
the amorphous magnesium-substituted calciuvm phosphats is

i
H

o
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stabiilsed by the magnesium ions and/or the biclogically active

carge molecule,

34, The compositicn for use in a method of btreatment or the
nethed of treatment of any one of the preceding claims, whereln
the ratio of Mg: Ca in the amorphous magnesium-substicvuted calcium
phosphate 1z at least 1:2%, more preferably at least 1:20, more

;

preferably at least 1:10, morve prefasrably abt lsast 1:5, more

rably 1:3

preferably at leazt 1:4 and nmozt praf

35, The composition for use in a methoed of tresatment or the
method of treatment of any one of the preceding ¢laims, the
amerphous magnesium-substituted caicium phosphate composzition

comprises a plurality of cargo molescules.

36, The composition for use in a method of treatment or the

method of treatmant of clalm 35, wherein the amcrphous magnes:ilu—

calcium phosphate composition comprises Ltwo or nmore

CArge molecules,

37. The composition for use in a method of treatment or ths
method of treatment of claim 35 or colaim 3¢, wherein the
amorphous magnesiuwm-subatituted calciuwm pheaphate composition

comprises three or morve different cargo molecules.

38. The composition for use in a method of treatment or the
method cf treatment of any one of claims 35 to 37, wherein the
amorphous magnesium-substituted calcium phosphats compositicon
comprises a therapeubtlc vaceine componsnt and an

immunostimulatory agent or a tolerance Lnducing agent.

35, The compositicn for use in a method of treatment or the

method of treatment of any one of the preceding claims, wherein

i1y active cargo material is a therapeutic cargo

molecule.

=

40, The compositicn for use in a methoed of treatment or the

~J
51
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method of treatment of any one of the preceding claims, wherein
the bilologically active carge material 1z & nutraceutical cargo

moleculs.

41, The compesition for use in a msthod of treatment or the
method of tresatment of any one of the preceding claims, wherein
the cargo material is selected from the group consisting of
protein antigens, bioactive oytokines, peptidogiycanz, low

molecular weight organic moleculss and nanoparticles

2. The composition for use 1in a method of treatment or the
method of treatment of any cone of the preceding claims, wherein
the cargo materials is selected frowm the group consisting of
peptidogiyeoan, peptidogliyocan subunits including muramyl

dipeptide, autoantigens, vaccing compositionsg, nucleic acid

sequencss, meleculss to restore PD-L1 expression to target cell,
tizsue or ¢ell homogenates/suspensions/supernatants, nutrients,
dietary supplements, proteins, proteln antigens including peptide

sequences and allergens.

43. The composition for use in a method of treatment or the
method of treatment of any cone of the preceding claims, wherein
the cargo material is a nutrient, a nanoparticle, therapsutic

molecul vaccine, a aucleic acid molecule, such as DNA or RNA.

44, The compesition for use in a method of atment or the
method of treatment of any one of the preceding claims, wherein
the composition is used to deliver cargo molecules to cells ex
viveo, whereln ths ex vivo cells comprising delivered Cargo
molecules are for re-introduction into a reciplent and/or wherein
cells affected by the ex vive cells transfected with cargo ars

for re-introduction inte a reciplent.

45, The compozition for use in a method of treatment or ths
method of treatment of any one of the preceding claims, wherein
amorphous magnesium-substituted calcium phosphate compesition 1S

porous for entrapping the cargo molecules.

7€
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46, The composition for use in a method of treatment or the
method of treatment of any one of the preceding claims, whersin
the nanoparticles of amcrphous magnesiom-sobstituted calclum

phosphate have mean diameters in a range betwsen 20 nm and 350

.

47. The compesition for use in a method of trsatment or the
mathod of treatment of claim 46, wherein at least 75% of ths
nanoparticles of amcrphous magnesium-substituted caloium

phosphate have a mean diameter in the range.

&7, An agent capable of promoting PL-LI expreszsion in antigsn
prezenting lmmune cells of intestinal lymphoid follicles for use

in a method of treating Crohn’s disease.

48, A compositicn for uze in a method of diagnosis or imaging,
wirerein the composition comprises amcrphous magnesium-substituted
alcium phosphate {(AMCP), wherein the amorphous magnssium-—

aubstituted calclum phosphate entraps a detectable molety.

49, The composition for use in a method of diagnosis or imaging

of claim 43, whevsin the amcrphous magnesium-~substituted caloium

phosphate the composition is capable of delivering the cargo

material To a site of interest in the gasirointestinal trach.

49. The compesition for use in a method of diagnosis of clalm

48, wherein the detectable molety comprises nancparticles, such
as metal-based nancparticles or metal oxo-hydroxide

nanoparticles.

3G, A process for producing amcrphous magnesium-substituted
calcium phosphate compositions that contain entrapped
blologlcally active carge matsrial, the process comprising:
{a} providing a sclution comprising calcium ions {(Ca?'y,
magnesium lons (Mg and & solution comprising phosphats ions

(PO,"}, wherein one or both of the szolutions comprise one or mors

~3
-~
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biclogically active cargo materials;

{b) wmizxing the scolution comprising calceium icns {(Ca),
magnesium ions {(Mg?T with the sclution comprising phosphate ions
(PO te precipitate amorphous magnesium~-substituted caloium
phosphate in which the biologically active cargo material is
=ntrapped;

{c) recovering the amorphous magnesium-substituted calcium

{dy opticnally washing and drving the amorphous magnesium-

substitutsd calclium phosphate.

51. The process of claim 50, wherein ths solutlion comprising
calcium ions {Ca?), magnesium ions (Mg®) and kiologically active
cargo melecules is buffered at a pH of at least 8.0,

52. The process of clalm 30 or claim 51, wherein the

hiciegically active cargo material increazes the stakility of the

amorphcus magnasiuvm~zubstituted calclum phosphate to conversion
to orystalline phases of calcium phosphate az compared ©o
corresponding compositions that do not include entrapped cargo

material.

53. The process of any one of claims 590 to 52, wherein the
washing and drying step comprisss reslurrving the composition in

cetone and drying the washed compozition using centrifugation.

4. The process of claim 53, wheredln the washing and drying
ate

eps are repsabed twice,

2]

55.  The process of any one of claims 50 to 54, whersin the pH

during steps {a) and/or {by is greater than 5.0.

56. The process of any one of claims 50 to 35, wherein the
buffer is Trisz, HEPES, BICINE, TRICINE or a citric acid buffer,
or an amine acid such as lysine or glvaoine.

=g

sE any one of olaims 50 to 58, further
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comprising formulating the amcrphous magnesium-substitubed

calcoium phosphate as a phavmaceutical composition.

-
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