w0 20197143247 A1 N0 0000 000000 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 July 2019 (25.07.2019)

(10) International Publication Number

WO 2019/143247 Al

WIPO I PCT

1)

@n

22)

@5
(26)
30)

(71)

(72)

(74)

@81)

84

International Patent Classification:
C08J 3/075 (2006.01) A61K 9/16 (2006.01)
A61K 9/00 (2006.01)

International Application Number:
PCT/NL2019/050031

International Filing Date:
18 January 2019 (18.01.2019)

Filing Language: English
Publication Language: English
Priority Data:

18152397.8 18 January 2018 (18.01.2018)  EP
Applicant: UNIVERSITEIT TWENTE [NL/NL];

Drienerlolaan 5, 7522 NB Enschede (NL).

Inventors: KAMPERMAN, Tom; c/o Drienerlolaan 5,
7522 NB Enschede (NL). KARBAAT, Lisanne Paula; ¢/
0 Drienerlolaan 5, 7522 NB Enschede (NL). KARPERIN,
Hermanus Bernadus Johannes; ¢/o Drienerlolaan 5, 7522
NB Enschede (NL). LEIJTEN, Jeroen Christianus Her-
manus; c/o Drienerlolaan 5, 7522 NB Enschede (NL).
DIJKSTRA, Pieter Jelle; c/o Drienerlolaan 5, 7522 NB
Enschede (NL). ZOETEBIER, Bram; c/o Drienerlolaan 5,
7522 NB Enschede (NL).

Agent: JANSEN, C.M.; V.0, P.O. Box 87930, 2508 DH
Den Haag (NL).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: POROUS AFFINITY HYDROGEL PARTICLES FOR REDUCING THE BIOAVAILABILITY OF SELECTED
BIOLOGICAL MOLECULES

(57) Abstract: The invention relates to a hydrogel particle that has an average cross- sectional diameter in the range from 1 micrometer
() to 1000 pm, wherein the particle comprises a first polymer network with an average mesh size that allows diffusion of a molecule
with an hydrodynamic radius of 1000 nanometer (nm) or less into the first polymer network and which particle comprises one or more
binding molecules that are immobilized by the polymer network. The hydrogel particle preferably has wherein the first polymer network
has an average mesh size that prevents diffusion of a molecule with an average hydrodynamic radius of more than 1000 nm to diffuse
into the first polymer network, preferably the mesh size prevents diffusion of a molecule with an average hydrodynamic radius of more
than 100 nm, and preferably more than 5 nm. The invention in particular relates to methods for reducing the bioavailability of one or
more soluble biological molecules in a biological system by using the described hydrogel particle.
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Title: Porous affinity hydrogel particles for reducing the bioavailability of
selected biological molecules.

The invention relates to means to and methods for removing biological
molecules from the direct surroundings. More specifically to hydrogel particles with
an internal immobilized binding molecule that can bind and sequester a biological
molecule. The particles can be used to reduce or inhibit the bioactivity of a

10 biological molecule. The hydrogel particles are preferably injectable.

Many (chronic/progressive) inflammatory, infectious, and genetic
diseases/conditions (e.g. osteoarthritis, inflammatory arthritis, rheumatoid
arthritis, Crohn’s disease, asthma, bacterial infections, sepsis and whole organ

15 failure, cancer, and transplant rejections) are regulated and maintained through
cell signaling molecules (i.e. pro- and anti-inflammatory cytokines and growth
factors, growth factor antagonists; herein further referred to as soluble factors).
Neutralizing these soluble factors using antibodies is a potent way to stabilize or
even cure such diseases. Various soluble factor-neutralizing strategies have been

20  developed to this end, and some are even implemented in advanced clinical
therapies. These soluble factor neutralizing therapies typically rely on the bolus
injection of antibodies or antibody-releasing agents/particles and have, for example,
been extensively used for the treatment of systemic diseases such as rheumatoid
arthritis. They also been tested for local modulation of inflammation such as the

25  case in (knee) osteoarthritis.3! In these conditions the neutralizing antibodies are
injected intra-articularly with the intend to keep the antibodies in the local joint
environment. However, these therapies have shown limited efficacy due to the
rapid clearance of intra-articular bolus injections. Similar high level of clearance
occur in numerous other sites, where the bolus injected molecules are rapidly

30  cleared via the fluid circulation to and in vascular and lymphatic systems. In
addition, bolus injected antibodies can be rapidly cleared by (immune) cell
mediated phagocytosis. Also bolus injections at the site of inflammation appear
largely ineffective due to the rapid dissolution of the antibodies in bodily fluids. To
prolong the therapeutic effect of injected antibodies for localized treatment of

35  inflammation, various antibody releasing particles with longer intra-articular
retention times have been investigated.i*7 Alternatively, antibodies have been
covalently tethered onto the surface of particles. 191 In summary, there currently
exist two approaches for the controlled presentation of cytokine neutralizing
antibodies: 1) controlled in situ release of cytokine-neutralizing moieties, and ii)

40 capturing cytokines using surface-modified nanoparticles, as schematically
depicted in figure 1.

The state-of-the-art injectable drug delivery systems do prolong the in vivo /
in situ retention time of cytokine neutralizing agent (e.g. antibodies). However,
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they are still far from optimal. For instance the antibodies are directly released
into / exposed to the harsh (e.g. inflamed) in vivo environment. Consequently, the
biological function of the therapeutic agents is compromised due to, for example,
protein denaturation. Importantly, damaged antibodies can be even counter
5  effective by having an increased immunogenicity. Also, nanoparticles can induce

oxidative stress and pro-inflammatory responses leading to toxic effects, are
relatively quickly cleared (e.g. via ‘leaky vasculature’ in inflamed tissue), and are
more prone to scavenging by phagocytosis as compared to microparticles. Having
an antibody on a surface even facilitates phagocytosis, this is mediated via immune

10 complexes formed on the surface. Furthermore, antibodies presented on the surface
of nano- or microparticles are not protected against non-specific interactions with
body fluids, resulting in a suboptimal affinity against cytokines of interest.

The present invention provides ‘injectable biological molecule sinks’, which
15 are affinity hydrogel particles for local sequestration or depletion of the selected
biological molecule.

SUMMARY OF THE INVENTION

20

Provided is a hydrogel particle that has an average cross-sectional diameter

in the range from 1 micrometer (um) to 1000 pm, wherein the particle comprises a
first polymer network with an average mesh size that allows diffusion of a molecule
with an hydrodynamic radius of 1000 nanometer (nm) or less into the first polymer

25  network and which particle comprises a binding molecule that is immobilized by
the polymer network. The first polymer network preferably has a mesh size that is
not penetrable for a molecule with an average hydrodynamic radius of more than
1000 nm, preferably more than 100 nm. The binding molecule preferably binds a
biological molecule. The binding molecule preferably binds specifically to the

30  biological molecule. Such a binding molecule is also referred to as a specific binding
molecule. The first polymer network preferably comprises the binding molecule
that is immobilized in the first polymer network.

The invention further provides a hydrogel particle that has an average
35  cross-sectional diameter in the range from 1 micrometer (um) to 1000 um, wherein
the particle comprises a first polymer network with an average mesh size that
allows diffusion of a molecule with an hydrodynamic radius of 1000 nanometer
(nm) or less into the first polymer network and which particle comprises a binding
molecule that is immobilized by the polymer network, and which binding molecule
40 specifically binds said molecule. Said molecule is a molecule with hydrodynamic
radius of 1000 nanometer (nm) or less.
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The hydrogel particle preferably comprises two or more binding molecules
wherein at least two of said binding molecules bind a different target biological
molecule. In a preferred embodiment the particle comprises three or more binding
molecules wherein at least three of said binding molecules bind different target
biological molecules. Methods and uses of hydrogel particles as described herein is
often in situations where it is helpful if the immediate surroundings of the particles
is depleted for several soluble factors at the same time. In such cases it can be
helpful to incorporate more than one biological molecule in a particle.

For many purposes a plurality of particles is administered, particularly for
the purpose of capturing significant amounts of biological molecule over a longer
period of time. The particles can be more or less the same. The invention thus also
provides a composition of hydrogel particles comprising a plurality of hydrogel
particles as described herein.

The invention also provides a composition comprising a pool of at least two
collections of hydrogel particles as described herein, wherein the hydrogel particles
of at least two of said pools comprise binding molecules that bind different
biological molecules.

Also provided is a hydrogel particle as described herein or a pharmaceutical
solution or composition comprising said hydrogel particles or composition
comprising a pool as described herein, for use in the treatment of a patient with an
over-active immune system, a cancer, or over-active hormone and/or cytokine
producing cells, preferably in the treatment of inflammation, preferably in the
treatment of joint-inflammation. The patient with an over-active immune system
can be an auto-immune disease patient, a patient with an inflammation or the like.

Also provided is an aqueous solution suitable for injection comprising the
hydrogel particle as described herein.

Also provided is a method for reducing the bioavailability of a soluble
biological molecule in a biological system, the method comprising providing said
system with hydrogel particles as described herein, wherein the biological molecule
comprises a hydrodynamic radius that can access said polymer network and said
binding molecule can bind said biological molecule.

Further provided is a use of a hydrogel particle as described herein or a
pharmaceutical solution or composition comprising said hydrogel particle for
reducing the bioavailability of a biological molecule in a biological system.

Also provided is an aqueous solution, preferably a pharmaceutical solution
comprising the hydrogel particles.
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Also provided is the use of an aqueous solution, preferably an ink
comprising the hydrogel particles for printing or as an additive for manufacturing
applications.

5 Also provided is the use of a hydrogel particle or an aqueous solution as
described herein as an in vitro cell culture supplement.

DETAILED DESCRIPTION OF THE INVENTION

10

Polymeric hydrogels have proven to be very useful in a wide variety of

applications such as slow release of encapsulated drugs and/or the shielding of
encapsulated material to protect the material from the hostile environment in the
host. Hydrogels of the invention can be shaped into discrete particles. The hydrogel

15 particles are typically spherical, but other shapes are also possible. A hydrogel
particle is preferably a spherical particle. A hydrogel particle described herein may
have an average cross-sectional diameter of about 1 micrometer (um) to 1000 pm. A
hydrogel particle described herein preferably has an average cross-sectional
diameter of about 2-1000 um. The average cross-sectional diameter is preferably 3-

20 1000 um, preferably 5-1000 pm, preferably 10-1000 um. In a particularly preferred
embodiment the cross-sectional diameter is 1-250 pm, preferably 2-250 pm,
preferably 3-250 pm, preferably 5-250 pm, more preferably 10-250 ym. In a
particularly preferred embodiment the cross-sectional diameter is 1-100 um,
preferably 2-100 pm, preferably 3-100 um, preferably 5-100 um, more preferably

25  10-100 pm. in some embodiment the average diameter cross-sectional diameter is
5-500 pm. In a particularly preferred embodiment the cross-sectional diameter is 5-
250 pm, preferably 10-200 um. Hydrogel particles of the indicated size are easily
injectable without significant shearing. Such hydrogel particles facilitate local
accumulation at the injection site, particularly suitable for discrete injection sites

30  such as a tumor, a site of inflammation, a synovial or other cavity, and within
engineered tissues. The latter is often associated with inflammations and
incorporation of particles of the invention in engineered tissues makes the
implantation site a less hostile environment by the selective sequestering of one or
more undesired biological molecules. The hydrogels are particularly suited for

35  intra-articular injection. Hydrogel particles of the invention that have a diameter
of more than 2 um and preferably more than 3 um are more efficiently retained in
the joint after injection (Pradal et al, 2016: International journal of Pharmaceutics
498: 119-129. hitp:fidyidoiorg/ 101016 J.upharm 2015.12.018). In a preferred
embodiment the diameter is at least 5 um, preferably at least 10 um, more

40 preferably at least 15, 30 or 100 pm (see figure 23 and figure 24).

The hydrogel particle can be hollow (i.e., a shell with a hollow core). The
binding molecule may be present in the hollow cavity and is sufficiently



WO 2019/143247 PCT/NL2019/050031

ot

immobilized by setting a mesh size of the first polymer network that prevents
diffusion of the binding molecule to the outside of the particle and allows diffusion
of the target molecule that is bound by the binding molecule. The polymer shell
then prevents diffusion of antibodies and/or binding molecules, while allowing for

5  diffusion of the molecules that are to be sequestered. This also effectively acts as a
cytokine sink and relies on the spatial entrapment.

A hydrogel diameter is dependent on the hydration state (dry/swollen) and
the solvent in which the hydrogel is measured. Diameters of hydrogel particles

10 described herein are measured after incubation in a physiological aqueous saline
solution (e.g. phosphate-buffered saline, pH7.4) until the hydrogel diameter hag
reached equilibrium, which is typically after ~1 to 24 hours. The cross-sectional
diameter of hydrogel particles can be measured / determined using, for example,
but not limited to, dynamic light scattering, laser diffraction, (digital) image

15 analysis, sieve analysis, sedimentation methods, electrical impedance, or
microscopy. For the present invention the eross-sectional diameters are preferably
measured by microscopy in combination with digital image analysis, or as
described in the examples. The average cross-sectional diameter of a collection of
particles is preferably determined from the cross-sectional diameter of a

20  representative random selection of particles in a collection. A representative
selection typically comprises at least 100 particles but this can be extended when
needed. The cross-sectional diameters of the particles in a collection are typically,
but not necessarily, distributed as a bell-shaped curve (i.e., normal distribution),
where the standard deviation from the mean determines the width of the bell-

25  shaped curve. The distribution of the representative selection of hydrogel particles’
cross-sectional diameters, herein referred to as the ‘normalized size distribution’, is
defined as the standard deviation of the representative selection’s cross-sectional
diameter divided by the representative selection’s average cross-sectional diameter.
Normalized size distributions are smaller than 90%, preferably smaller than 75%,

30  preferably smaller than 50%, preferably smaller than 25%, preferably smaller than
10%, preferably smaller than 5%. Collections of hydrogel particles having two
different average cross-sectional diameters and/or two different normalized
standard distributions can be combined. Such compositions are easily identified by
plotting out the number of particles having certain cross-sectional diameters. Such

35  plots can be made using any means for determining particles size but are
preferably determined using microscopy in combination with digital image
analysis.

Due to their minimal size, hydrogel particles as described herein offer
40  improved diffusion rates of solutes, and direct compatibility with many standard
microscopy techniques as compared to conventional macromaterials. Reducing the
particle size has, for example, been demonstrated to improve the release kinetics
from cell laden gels 19201 On a different note, the in vivo biodistribution of injected
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hydrogel particles is associated with their size. Hydrogel particles larger than 5 um
are typically characterized by prolonged retention times, as they are not prone to
rapid clearance from the site of injection via e.g., phagocytosis, lymphatic entrance,
and intra- and extravasation 21 22

Hydrogel particle fabrication processes involves two steps: (1) dispersion of

the hydrogel precursor (i.e., polymer) solution into discrete droplets and (2)
gelation of the droplets through in situ crosslinking. Hydrogel precursor droplets
can be formed via patterning or molding on/in solid substrates, emulsification in an

10 (immisecible) liquid, or atomization in a gaseous phase. 2324 Hydrogel crosslinking
can he categorized based on the molecular interaction between the polymers, which
is of chemical or physical nature. Chemical interactions can be non-reversible,
covalent bonds that are, e.g., being formed through complementary groups (e.g.,
Michael-type addition, radical polymerization, enzymatic cross linking or

15  irradiation). i9

Hydrogel particles described herein can be used in a method to interrupt,
reduce or diminish (chronic) inflammatory, infectious, and other conditions such as
genetic conditions by locally depleting the biological molecule(s) that

20  drive/maintain these processes. The hydrogel particle comprises a porous stably
crosslinked hydrogel network. Binding molecules that can bind one or more of the
biological molecules, are immobilized in the polymer network (also referred to as
the first polymer network). The internal location of the binding molecule(s)
effectively shields the bound biological molecule from the local environment of the

25 particle and thereby prevents its activity. Binding molecules can be linked to the
polymer network in various ways. Host—guest chemistry is often used for binding
molecules. Host—guest chemistry describes complexes that are composed of two or
more molecules or ions that are held together in unique structural relationships by
forces other than those of full covalent bonds. Host—guest chemistry encompasses

30  the idea of molecular recognition and interactions through noncovalent bonding.
Noncovalent bonding is critical in maintaining the 3D structure of large molecules,
such as proteins and is involved in many biological processes in which large
molecules bind specifically but transiently to one another. There are eight
commonly mentioned types of non-covalent interactions: metal coordination bonds,

35 hydrogen bonds, ionic bonds, van der Waals forces, ion-dipole, dipole dipole, n-x
stacking and hydrophobic interactions. Non-limiting examples of host—guest
chemistry is the biotin/avidin binding. The biotin can bind with high affinity to a
member of the avidin family. This feature is advantageously used in many
commercial and non-commercial settings. Examples are the classical

40  biotin/streptavidin combination and the newer desthiobiotin and tetravalent
neutravidin combination. Other examples of host-guest chemistry are readily
available to the skilled person. In some embodiments the binding molecule is bound
to the polymer network via host-guest chemistry. In other embodiments the
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binding molecule is covalently (chemically) bound to the polymer network. In yet
further embodiments the binding molecule is not linked to a polymer but rather
trapped in the polymer network. This may advantageously be used, for instance,
for large binding molecules.

The binding molecule can be a binding peptide. Such peptides are typically
small and able to bind the target with exceptional specificity. The peptide can be
linked to a support or scaffold. Such a support or scaffold can but does not have to
aid the binding of the peptide to the target. In such cases the support or scaffold

10 can constrain the folding of the peptide and facilitates its binding function.
Peptides can be linear or cyclic. Binding molecules such as aptamers and peptide
aptamers are described in Reverdatto et al (2015; Curr Top Med Chem. 15(12):
1082—-1101 and articles cited therein). A binding molecule can be an antibody or an
antigen binding fragment thereof. It can be a single chain Fv fragment (scFv), a

15 FAB-fragment, an anticalin, a so-called nanobody™, a bicyclic peptide and the like.
The term “antibody” as used herein means a proteinaceous molecule, preferably
belonging to the immunoglobulin class of proteins, containing one or more variable
domains that bind an epitope on an antigen, where such domains are derived from
or share sequence homology with the variable domain of an antibody. An antibody

20  fragment comprises at least the variable domain of an antibody. The binding
molecule can also be a member of a ligand/receptor pair. As receptors are typically
associated with cells and can bind soluble ligand it is preferred that the binding
molecule is a receptor. Receptors that are normally membrane bound can often be
modified by associating the extracellular part with an Fc tail or the like. Such

25  modified proteins are typically easily attached to the polymer network.

The mesh size of a polymer network of a hydrogel can be determined in
different ways. In the present invention mesh size is given to indicate the size of
the molecules that can diffuse into the hydrogel particle. In some embodiments it is

30  important that certain other molecules, or cells are prevented from diffusing into
the hydrogel particle. In the present invention the mesh size is preferably
characterized by the diffusion potential of molecules of a certain hydrodynamic
radius. The hydrodynamic radius of a molecule can be determined using dynamic
light scattering (DLS, Stetefeld et al, Biophys Rev. 2016 Dec; 8(4): 409-427. DOI:

35 10.1007/812551-016-0218-6). Diffusion of a molecule with a given hydrodynamic
radius into a polymer network can be monitored in different ways. One way in
which this can be done is by creating two liquid compartments that are separated
by the polymer network and adding a labelled molecule with a known
hydrodynamic radius to one compartment of the network and letting the system

40 reach (near) equilibrium with respect to the distribution of the labelled molecule.
Examples of suitable systems with two compartments are capsules with a wall
composed of the network (see for instance figure 13 and legend thereto) or two
liquid containers separated by the polymer network. The presence of the label in
the other compartment is a measure for the whether the molecule is able to diffuse
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through the polymer network. A molecule is said not to be able to diffuse through a
network if less than 20% and preferably less than 10% of the maximal amount of
molecule obtained with a 100 times larger mesh size, is detected on the other side
of the network after equilibrium has reached. If equilibrium has not been reached
5  after 24 hours, the percentage observed at 24 hours is taken as if equilibrium had
been reached. In such cases the network has a mesh size that prevents diffusion of
the molecule with the indicated hydrodynamic radius through the network. The
network has a mesh size that does not allow the penetration of such molecules. The
network has a size that prevents diffusion of a molecule with a given hydrodynamic
10 radius into the polymer network.
A molecule is said to be able to diffuse through a network if more than 80%
and preferably more than 90% of the maximal amount of molecule obtained with a
100 times larger mesh size, is detected on the other side of the network after
equilibrium has reached. If equilibrium has not been reached after 24 hours, the
15  percentage observed at 24 hours is taken as if equilibrium had been reached. In
such cases the network has a mesh size that allows diffusion of the molecule into
the network.
The comparative tests are, of course, performed under similar
circumstances and with networks that are the same but for the molecular changes
20  required to obtain the different mesh sizes.

The first polymer network can have an average mesh size that allows a
molecule with a hydrodynamic radius of 1000 nanometer or less, preferably 500
nanometer or less, preferably 250 nanometer or less, more preferably 100
nanometer or less to diffuse into the first polymer network. The first polymer

[N]
join §

network preferably has an average mesh size that allows a molecule with a
hydrodynamic radius of 50 nanometer or less, preferably 20 nanometer or less,
preferably 10 nanometer or less, more preferably 5 nanometer or less, more
preferably 4 nanometer or less to diffuse into the first polymer network. When

30  antibody capture or sequestration is desired, the average mesh size is preferably
more than the average size of IgG, preferably more than 15 nanometer, preferably
20 nanometer. If antibodies are to be kept out of the particle it is preferred that the
average mesh size is smaller than the typically antibody. Preferably 15 nanometer
or smaller, preferably 12, 11 or 10 nanometer or smaller. Preferably 10 nanometer.

The first polymer network can have an average mesh size that prevents
diffusion of a molecule with an average hydrodynamic radius of more than 1000 nm
to diffuse into the first polymer network, preferably the mesh size prevents
diffusion of a molecule with an average hydrodynamic radius of more than 500

40 preferably more than 250, preferably more than 100, preferably more than 50,
preferably more than 20, preferably more than 10, preferably more than 5,
preferably prevents diffusion of a molecule with an average hydrodynamic radius of
more than 4 nanometer into the first polymer network. Networks that restrict
access of larger molecules are typically active for a longer period of time. Networks
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that restrict access of larger molecules are typically more resistant to wear are tear
in the body.

The mesh size of the first polymer network can be determined by measuring
5  the diffusion of molecules with a known average hydrodynamic radius. In the
context of the present invention the polymer network of the hydrogel has an
average mesh size of at least 1000 nanometer if it allows a molecule with a
hydrodynamic radius of 1000 nanometer or less to diffuse into the polymer
network. The polymer network of the hydrogel has an average mesh size of at least
10 500 nanometer if it allows a molecule with a hydrodynamic radius of 500

nanometer or less to diffuse into the polymer network, ete.

In the context of the present invention the polymer network of the hydrogel
has an average mesh size of 1000 nm or less if it prevents diffusion of a molecule
15 with an average hydrodynamic radius of more than 1000 nm to diffuse into the
first polymer network. The polymer network of the hydrogel has an average mesh
size of 100 nm or less if it prevents diffusion of a molecule with an average
hydrodynamic radius of more than 100 nm to diffuse into the polymer network ete.

20 An average hydrogel mesh size can also be determined mechanically or on
the basis of the molecule release (see for instance Grassi et al., 2009 Molecules Vol
14 pp 3003-3017: doi:10.3390/molecules14083003). Yet another way of determining
pore size is theoretically using the so-called “single-pore-radius” model described by
Russell (2005: Ind. Eng. Chem. Res. Vol 44: pp 8213-8217). In this context the

25  hydrogel as described herein has a mesh size that is solely determined by the new
method, i.e. not by measuring whether a particle with a given hydrodynamic radius
can diffuse into the network. In such cases is provided a hydrogel particle that has
an average cross-sectional diameter in the range of 1 micrometer (um) to 1000 pm,
wherein the particle comprises a first polymer network with an average mesh size

30  of 1000 nanometer or less, preferably 500 nanometer or less, preferably 250
nanometer or less, more preferably 100 nanometer or less, preferably 50 nanometer
or less, preferably 20 nanometer or less, preferably 10 nanometer or less, more
preferably 5 nanometer or less, more preferably 4 or less preferably as determined
mechanically according to Grassi et al (supra) or according to the “single-pore-

35  radius” model according to Russel et al (supra) and in which the particle comprises
a binding molecule that is immobilized by the polymer network. The first polymer
network preferably has an average mesh size of 1000 nanometer, preferably 500
nanometer, preferably 250 nanometer, more preferably 100 nanometer, preferably
50 nanometer, preferably 20 nanometer, preferably 10 nanometer, more preferably

40 5 nanometer, more preferably 4. Yet another way to define a hydrogel mesh size is
by whether molecules with a given molecular weight in kilodalton (kDa) are able to
diffuse into the polymer network. A correlation for the radius of particles and the
molecular weight of the particles is given with the formula Rmin = 0.066 x M
(Erickson 2009, Biol. Proced Online 11: 32-51. Do: 10.1007/812575-009-9008-x). In
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the formula the variable Rmin stands for the minimal radius and M stands for the
molecular weight in daltons. The present invention thus also provides a hydrogel
particle that has an average cross-sectional diameter in the range of 1 micrometer
(um) to 1000 pm, wherein the particle comprises a first polymer network with an
5  average mesh size that allows the diffusion of a molecule of not more than 430 gDa

(gigadalton), preferably not more than 54 gDa, preferably not more than 6,8 gDa,
preferably not more than 435 MDa (megadalton), preferably not more than 54
MDa, preferably not more than 3,5 MDa, preferably not more than 435 kDa
(kilodalton), preferably not more than 54 kDa, preferably not more than 28 kDa.

10 In a preferred embodiment is provided a hydrogel particle that has an
average cross-sectional diameter in the range of 1 micrometer (um) to 1000 um,
wherein the particle comprises a first polymer network with an average mesh size
that allows the diffusion of a molecule of not more than 900 kDa, not more than
320 kDa, not more than 200 kDa, not more than 180 kDa, preferably not more than

15 150 kDa. These are the molecular weight of respectively the immunoglobulines (Ig)
M, IgA, Igk, IgD and IgG. An advantage of such particles is that the binding
molecule and captured biological molecule is effectively shielded from the
mentioned antibody species. The effect of an inadvertent host antibody versus
particle (content) response, if any, is less for the respective antibodies/mesh size.

20
The first polymer network in a hydrogel particle as described herein
preferably has a mesh size that allows diffusion of biological molecules with a
molecular weight of 100 kDa, preferably 70 kDa more preferably around 15 kDa.
Most cytokines have a molecular weight of less than 70 kDa.
25

A hydrogel particle preferably comprises cross-linked hydrogel polymers.
Crosslinking is the process of joining two or more polymer chains. Both chemical
and physical crosslinking exists. In addition, both natural polymers such as
proteins or synthetic polymers with a high affinity for water may be used as

30  starting materials when selecting a hydrogel. Different crosslinking methods can
be implemented for the design of a hydrogel. By definition, a crosslinked polymer
gel is a macromolecule that solvent will not dissolve. Due to the polymeric domains
created by crosslinking in the gel microstructure the gel acquires more chemical
stability. Various crosslinking methods are known in the art such as but not

35 limited to chemical cross-linking, photo-crosslinking (typically UV), protein
interaction, hydrogen bonds etc.

The cross-linking moiety is preferably a phenolic compound. Methods are
available for the enzyme-mediated covalent coupling of a phenolic compound to
another phenolic compound using a catalyzer (i.e., a peroxidase enzyme such as,

40 but not limited to, horseradish peroxidase) and an oxidizer (e.g., hydrogen
peroxide), where the phenolic compounds are characterized by the presence of at
least one hydroxyl-substituted aromatic ring system, including, but not limited to
phenol conjugated macromolecules, phenol conjugated small molecules, phenol,
tyramine, tyrosine, polyphenol, p-coumaric acid, ubiquinol, vitamin E, catechol,
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ferulic acid, capsaicin, eugenol, resorcinol, genistein, epicatechin, pyrogailol, gallic
acid, propylgallate, penta G-D- glucose, bisphenol A, butylated hydroxytoluene,
cresol, estradiol, guaiacol, 4-nonylphenol, otrhophenyl phenol, trinitrophenol,
phenolphthalein, propofol, serotonin, adrenalin, thymol, xylenol, diethylstilbestrol,

5  L-DOPA, methyl salicylate, salicylic acid, 2-benzyl-4-chlorophenol, 4-chloro-3,5-
dimethylphenol, butylated hydroxyl anisole, resorcinol, 4-hexylresorcinol,
hydroquinone, 1-naphtol, calixarenes, but also peptides, synthetic or natural
polymers, fluorescent dyes, drugs, DNA, proteins, lipoproteins, antibodies, single-
domain antibodies, aptamers, nanobodies, and all other molecules that naturally

10 contain and/or are modified with a phenolic group (i.e., a hydroxyl-substituted

aromatic ring system), or combinations thereof. Preferably crosslinking is done
with a tyramine group.

A great number of polymers can be used to prepare hydrogels. In the
15  present invention the polymer is a biocompatible polymer. The polymer is
preferably one or more of dextran; hyaluronic acid; and poly-ethylene glycol (PEG).

A hiocompatible hydrogel polymer is a hydrogel polymer that has the ability
to be in contact with a living system without producing a significant adverse effect.

20  Biocompatible in this context means that a material does not elicit a significant
pathological response of the body against said biomaterial or that said material is
not harmful to the patient. Polymer hydrogels have been used for quite some time
and are amongst others reviewed in Laftah et al (2011: Polymer Hydrogels: A
Review, Polymer-Plastics Technology and Engineering, 50:14, 1475-1486).

25  Preferred examples hydrogel polymers are described in US8647271;
US20060257488;, WO1999015211; WO 2011/049449; W0O2011/059325
WO02013/073941 and US8440231. The hydrogel polymer can be a co-polymer of
hyaluronic acid (HA) grafted with a dextran-tyramine (Dex-TA) conjugate. The
Dex-TA conjugate preferably has a degree of substitution (DS), defined as the

30 number of conjugated tyramine moieties per 100 anhydroglucose rings, of 5-25. The
dextran chain in said Dex-TA conjugate preferably has an average molecular
weight of 5-80 kDa. The hydrogel polymer can be a composition comprising a Dex-
TA conjugate and a conjugate selected from the group consisting of collagen-
tyramine; chitosan-tyramine; chitosan-phloretic acid -and gelatin-tyramine and

35  hyaluronic acid-tyramine. The hydrogel polymer is preferably a conjugated
hyaluronic acid, chitosan, dextran, hyaluronic acid, heparin or heparan starch; poly
lactic acid (PLA), a polyethylene glycol (PEG), a polyalkyleneoxide-polyalkyle-
terephtalate block copolymer, (preferably polyethylene oxide-polybutylene
terephtalate block copolymers), poly-L-lactic acid (PL.LLA), polyglycolic lactic acid

40  (PGLA), polyglycolic acid (PGA), poly(amido amine)s, poly(caprolactone),
polyethylene; alginate, a Poly-N -isopropylacrylamid or copolymers of polyethylene
glycol terephthalte and polybutylene terephthalate (PEGT-PBT, or Polyactive®).
The conjugation is preferably with a cross-linking group, preferably at least one
tyramine preferably more.
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A hydrogel particle as described herein preferably comprises a dextran-

tyramine hydrogel; a hyaluronic acid-tyramine hydrogel; a PEG-tyramine hydrogel
or a combination thereof.

5
The hydrogel can be a chemically stable hydrogel (Hoffman, 2012: Advanced
Drug Delivery Reviews 64: 18-23). Hydrogels are called permanent or chemical gels
when they are covalently-crosslinked networks.
10 The invention also relates to aqueous solutions comprising the hydrogel

particles. The solution is preferably an injectable solution, i.e. a solution that can
be passed through a hollow needle that is used to administer fluids to the body of a
human in the medical profession. The needle can be hypodermic needle which is a
thin, hollow tube with a sharp tip that contains a small opening at the pointed end.

15  Needle free systems also exist and these also use injectable aqueous solutions as
deseribed herein.

The aftinity of the binding molecule for the biological molecule does not have
to be extremely high. Bound molecule is effectively prevented from diffusing out of
20 the particle when it is inadvertently released from the binding molecule as it is
quickly rebound to the binding molecule or bound to another available binding
molecule.

Binding can be expressed in terms of specificity and affinity. The specificity

25  determines which antigen or epitope thereof is specifically bound by the binding
domain. The affinity is a measure for the strength of binding to a particular target
comprising the antigen or epitope. Specific binding typically requires a certain
affinity for the epitope containing antigen. In the context of a binding molecule as
used herein the binding is specific in the sense that the epitope containing antigen

30  is bound with an affinity (Kd) of at least 1x10e-6 M, more preferably 1x10e-7 M,
1x10e-8 M, more preferably higher than 1x10e-9 M. A binding molecule preferably
binds the epitope containing antigen with an affinity (Kd) of 1x10e-9 M — 100x10e-
9 M. A binding molecule does typically not bind significantly to antigens that do
not have the epitope. Binding to such molecules is typically less than the Kd for the

35  epitope containing antigen. Typically such non-specific binding is with a strength of
less than 1x10e-6 M if any. A binding molecule can specifically bind other antigens
as long as such antigens contain the epitope.

The binding molecule preferably binds to a biological molecule. The
40  molecule that is bound by the binding molecule is preferably a peptide or a protein.
The biological molecule, peptide or protein is preferably soluble in a bodily fluid.
Such molecules can diffuse into the polymer network of the particles. The peptide
or protein can be a released part of a matrix such as a pro-inflammatory matrix
degradation products in the joint. In a preferred embodiment the protein is a
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cytokine, a soluble antigen or an auto-antibody. In a preferred embodiment the
protein is a matrix degradation product. Such products can be pro-inflammatory.

In a preferred embodiment the binding molecule is specific for a cytokine. A
5  cytokine is a member of a family of small proteins (~5-70 kDa) that are important
in cell signaling. Their release has an effect on the behavior of cells around them. A
cytokine can be involved in autocrine signaling, paracrine signaling and endocrine
signaling. Preferred eytokines include chemokines, interferons, interleukins,
lymphokines, and tumor necrosis factors but generally not hormones or growth
10 factors. Cytokines can be produced by a broad range of cells, including immune
cells like macrophages, B lymphocytes, T lymphocytes and mast cells, as well as
endothelial cells, fibroblasts, and various stromal cells; a given cytokine may be
produced by more than one type of cell. A cytokine typically acts through a
receptor, and is especially important in the immune system. A cytokine can, for
15  instance modulate the balance between humoral and cell-based immune responses.
A preferred cytokine is a cytokine that is involved with joint-inflammation. The
cytokine is preferably TNFalpha, IL1beta, oncostatinM, 1L-6, IL-4, IL-10, IL-17, IL-
8, an alarmins like S108 or S109.

20 The binding molecule can be specific for a growth factor or a growth factor
antagonist for instance a Wnt molecule a Wnt-antagonist, such as preferably
DKKI1, FRZB or sclerostin, a BMP, a BMP antagonist such as preferably Noggin,
Gremlin or Chordin, a TGEFbeta, a FGF or NGF.

25 The binding molecule ensures that the biological molecule is bound in the
particle, preferably in the internal network of the hydrogel. Bound biological
molecules are effectively prevented from binding to binding partners that cannot
penetrate the particle either due to its size or due to limited mobility of binding
partners such as cellular receptors. The binding of the binding molecule to the

30  biological molecule does therefore not have to be to a neutralizing epitope on the
biological molecule. The binding can be to a neutralizing epitope such that when
the binding molecule is bound the biclogical molecule cannot functionally bind to a
binding partner such as a receptor also when the binding molecule is not or no
longer in the internal network of the hydrogel. It is preferred that the binding

35  molecule binds a neutralizing epitope on the biological molecule. This feature
ensures that when the particle is inadvertently partly or completely degraded prior
to inactivation of the biological molecule, the activity of the biological molecule is
still inhibited by the bound binding molecule.

40 The binding molecule is preferably physically or chemically linked to the
polymer network. Physical linkage is possible in many ways. For instance by
providing the binding molecule with a functional group which can directly or
indirectly bind to a polymer in the network. The binding can be affinity binding
such as the exemplary biotin/avidin binding or antibody binding. The binding can
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also be a chemical bond such as covalent coupling. Peptide/protein linkage
chemistry is presently highly evolved and many different methods are available,
non-limiting examples are amine-reactive crosslinking chemistry and carbodiimide
crosslinker chemistry or maleimide chemistry targeting SH-groups. Particularly

5  common methods utilize the molecule N-hydroxysuccinimide (NHS) or similar
molecules such as sulfo-NHS. Such methods are often used in 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDS) coupling methods. Other reactive groups
that can be targeted for crosslinking are the sulfhydryls (-SH) and carbonyl (CHO).
The latter can be created by oxidizing carbohydrate groups in glycopeptides or

10 glycoproteins.

Hydrogel crosslinking can be based on the molecular interactions between
the polymers, which can be of a chemical or physical nature. Chemical interactions
are formed by chemically reacting moieties yielding a permanent covalent bond.

15 Traditionally, chemical hydrogels are formed via the radical polymerization of
monomers with reactive end groups using a crosslinking agent [Wichterle, O. and
LIM, D. (1960) Hydrophilic Gels for Biological Use. Nature 185 (4706), 117-118.].
Radical-based crosslinking can be but does not have to be associated with
cytotoxicity. Radicals can be efficiently consumed through enzymatic crosslinking,

20  which i, e.g., used in peroxidase-mediated crosslinking of phenolic moieties
[Henke, S. et al. (2016) Enzymatic Crosslinking of Polymer Conjugates is Superior
over lonic or UV Crosslinking for the On-Chip Production of Cell-Laden Microgels.
Macromol Biosci 16 (10), 1524-1532]. Expediently, radical-based single-cell
encapsulation has also been achieved in a cytocompatible manner by adding

25  radical-forming photo-initiator to the immiscible oil phase rather than the cell-
laden hydrogel precursor phase. This strategy enabled microgel crosslinking in an
outside-in manner, thereby minimizing the exposure of the encapsulated cell to
cytotoxic radicals [11]. Physical bonds are reversible (i.e., non-covalent) and are,
amongst others, based on entanglements, electrostatic (i.e., ionic or hydrogen

30 bonds), van der Waals, hydrophobic interactions, or a combination thereof, such as
in host-guest interactions.

The binding molecule is preferably a binding protein, preferably a single-
domain antibody. The single domain antibody is preferably a variable domain of a
35  single chain heavy chain only antibody of a camelid or cartilaginous fish. (also
referred to as VHH and VNAR respectively). The binding molecule is preferably a
VHH or a VNAR. These terms refer to the single heavy chain variable domain
antibodies devoid of light chains. Preferably a VHH or VNAR is of an antibody of
the type that can be found in Camelidae or cartilaginous fish which are naturally
40 devoid of light chains. The VHH and VNAR are presently generated artificially and
selected from large libraries having different VHH or VNAR like molecules. A VHH
or VNAR can presently also be produced synthetically. The term VHH is presently
sometimes also used to refer to heavy chain variable domain of another species that
is modified to function in the absence of a functional light chain. A VHH or VNAR
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is preferably chemically or physically linked to the polymer of the hydrogel,
preferably via a chemical crosslink via a functional group that is present on or
provided to the VHH or VNAR. For VHH said functional group is preferably a
glycosyl group present at one of the VHH's short loops 1, 2, 3, 5 (see figure 3 and

5  description thereof). The functional group can also be at another part of the VHH
for instance in the C-terminal end of the VHH, preferably a substitution of one or
more of the last 10 amino acids of the C-terminus. The functional group can also be
added as a peptide to the C-terminal end of said VHH. The functional residue can
be a Cys or Met residue, which will bind to the biomaterial directly via S-S bridges

10 or amine groups. The functional group can be a Tyramine-azide or Tyramine-

alkyn, capable of chemical cross linking to respective residues in a polymer through
NHS chemistry.

Hydrogel particles can have a tunable porosity which allows the diffusion of
a large variety of molecules in a size range of a few Daltons (Da) up to 150kDa.

15 Cytokines typically have a molecular weight size range of bkDa — 70kDa and which
can easily enter the hydrogel via diffusion. Once entered in the hydrogel, they are
captured by a specific affinity antibody fragment. Biological molecules that are not
a target for the binding molecule is free to diffuse out of the particle. A high density
of binding molecules such as antibody fragments and the associated avidity

20 effectively prevents targets from leaving the particle once has entered and was
bound to the hydrogel polymer network. Other cytokines for which no high affinity
antibody fragments are present can freely diffuse in and out the hydrogel network.
Compared to hemoadsorption using e.g. CytoSorb at least some methods as
described herein clearly distinguish themselves by their high selectivity and

25 specificity in capturing specific biological molecules such as cytokines and the
ability to neutralize only molecules for which binding molecules are present.
CytoSorb or comparable technologies cannot make this distinction and depletes
serum from all cytokines because these technologies rely on non-specific
interactions instead of the specific binding molecules used in the invention.

30 Hydrogel particles as deseribed herein can function as so-called cytokine
sinks. The hydrogels are porous injectable microparticles that enable the
sequestration and/or depletion of (harmful) biclogical molecule of interest, while
protecting the binding molecule against the harmful in vivo conditions (e.g. of an
inflamed tissue), as depicted in the figure 2. The semi-permeable hydrogel also

35  increases the avidity against cytokines of interest, as it provides a highly
concentrated microenvironment of antibodies that cannot be reached by
extracellular matrix associated proteins, cells and depending on the mesh size,
non-specifically interacting proteins (e.g. endogenous antibodies/cytokine-binding
proteins) that are larger than the hydrogels mesh size. An advantage of the

40  particles of the present invention is that the particles are micrometer-sized and
larger. This facilitates the prolonged presence of the particles when compared to
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other particles. Nanoparticles, for instance are typically more rapidly cleared
and/or phagocytosed.

A hiocompatible hydrogel polymer is a hydrogel polymer that has the ability
5  tobe in contact with a living system without producing a significant adverse effect.
Biocompatible in this context means that a material does not elicit a significant
pathological response of the body against said biomaterial or that said material is
not harmful to the patient. Polymer hydrogels have been used for quite some time
and are amongst others reviewed in Laftah et al (2011: Polymer Hydrogels: A

10 Review, Polymer-Plastics Technology and Engineering, 50:14, 1475-1486).
Preferred examples hydrogel polymers are described in US8647271;
US20060257488;, WO1999015211; WO 2011/049449; W0O2011/059325
WO02013/073941 and US8440231. The hydrogel polymer can be a co-polymer of
hyaluronic acid (HA) grafted with a dextran-tyramine (Dex-TA) conjugate. The

15 Dex-TA conjugate preferably has a degree of substitution (DS), defined as the
number of conjugated tyramine moieties per 100 anhydroglucose rings of 5-25. The
dextran chain in said Dex-TA conjugate preferably has an average molecular
weight of 5-80 kDa. The hydrogel polymer can be a composition comprising a Dex-
TA conjugate and a conjugate selected from the group consisting of collagen-

20  tyramine; chitosan-tyramine; chitosan-phloretic acid and gelatin-tyramine. The
hydrogel polymer is preferably a conjugated hyaluronic acid, chitosan, dextran,
hyaluronic acid, heparin or heparan starch; poly lactic acid (PLA), a
polyalkyleneoxide-polyalkyle-terephtalate block copolymer, (preferably
polyethylene oxide-polybutylene terephtalate block copolymers), poly-ethylene

25 slyeol (PEG), poly-L-lactic acid (PLLA), polyglycolic lactic acid (PGLA), polyglycolic
acid (PGA), poly(amido amine)s, poly(caprolactone), polyethylene; alginate, a Poly-
N -isopropylacrylamid or copolymers of polyethylene glycol terephthalte and
polybutylene terephthalate (PEGT-PBT, or Polyactive®). The conjugation is
preferably with a cross-linking group, preferably a tyramine.

30

Hydrogel particles as described herein can comprise a second polymer
network that surrounds said first polymer network, which second polymer network
is devoid of said binding molecule. The second polymer network, sometimes also
referred to as shell, surrounds the first polymer network and can shield it from

35  molecules, particles and cells that cannot diffuse through the second polymer
network. In case where the second polymer network has a selective mesh size the
first polymer network can have a larger mesh size to reduce diffusion times, if such
is desired. The second polymer network can thus have a mesh size that is the same
or smaller than the mesh size of the first polymer network.

40

For hydrogel particles comprising a first and a second polymer network as
described herein it is preferred that the second polymer network has an average
mesh size that is the same or smaller than the mesh size of the first polymer
network. In such cases the first polymer network preferably has a mesh size that
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allows a molecule with a hydrodynamic radius of 1000 nanometer or less to diffuse
into the first polymer network and the second polymer network has a mesh size
that prevents diffusion of a molecule with an average hydrodynamic radius more
than 1000 nanometer to diffuse into the second polymer network. Preferably the
5  mesh size of the second polymer network prevents diffusion of a molecule with an

average hydrodynamic radius of more than 500, preferably more than 250,
preferably more than 100, preferably more than 50, preferably more than 20,
preferably more than 10, preferably more than 5 into the second polymer network.
In a preferred embodiment the second polymer network has a mesh size that

10 prevents diffusion of a molecule with an average hydrodynamic radius of more than
4 nanometer into the second polymer network. The first polymer network can of
course also have a mesh size that is smaller than a mesh size that allows a
molecule with a hydrodynamic radius of 1000 nanometer or less to diffuse into the
first polymer network. Examples are mesh sizes that allow a molecule with a

15  hydrodynamic radius of 500 or less, 250 or less, 100 or less, 50 or less, 20 or less, 10
or less, 5 or less, and preferably 4 nanometer or less to diffuse into the first
polymer network. Hydrogel particles that have an average cross-sectional diameter
in the range of 1 micrometer (um) to 1000 um, wherein the particle comprises a
first polymer network with an average mesh size of 1000 nanometer or less,

20 preferably 500 nanometer or less, preferably 250 nanometer or less, more

preferably 100 nanometer or less, preferably 50 nanometer or less, preferably 20

nanometer or less, preferably 10 nanometer or less, more preferably 5 nanometer

or less, more preferably 4 or less preferably as determined mechanically according

to Grassi et al (supra) or according to the “single-pore-radius” model according to

Russel et al (supra) and in which the particle comprises a binding molecule that is

[N]
join §

immobilized by the polymer network can also have a second polymer network that
surrounds said first polymer network, which second polymer network is devoid of
said binding molecule. The second polymer network preferably has an average
mesh size that is smaller than the mesh size of the first polymer network. The

30 second polymer network preferably has a mesh size of 1000 nanometer or less,
preferably 500 nanometer or less, preferably 250 or less, preferably 100 or less,
preferably 50 or less, preferably 20 or less, preferably 10 or less, preferably 5
nanometer or less.

35 Hydrogel particles that have an average cross-sectional diameter in the
range of 1 micrometer (um) to 1000 um, wherein the particle comprises a first
polymer network with an average mesh size that allows the diffusion of a molecule
of not more than 430 gDa (gigadalton), preferably not more than 54 gDa, preferably
not more than 6,8 gDa, preferably not more than 435 MDa (megadalton),

40  preferably not more than 54 MDa, preferably not more than 3,5 MDa, preferably
not more than 435 kDa (kilodalton), preferably not more than 54 kDa, preferably
not more than 28 kDa can also have a second polymer network that surrounds said
first polymer network, which second polymer network is devoid of said binding
molecule. The second polymer network preferably has an average mesh size that is
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smaller than the mesh size of the first polymer network. The second polymer
network preferably has a mesh size that allows the diffusion of a molecule of not
more than 430 gDa (gigadalton), preferably not more than 54 gDa, preferably not
more than 6,8 gDa, preferably not more than 435 MDa (megadalton), preferably

5  not more than 54 MDa, preferably not more than 3,5 MDa, preferably not more
than 435 kDa (kilodalton), preferably not more than 54 kDa, preferably not more
than 28 kDa.

The second polymer network preferably has a thickness of 1 nm - 450
10 micrometer; 1 nm- 50 micrometer; 1 nm -5 micrometer; 1 nm — 500 nm or 1 nm —
50 nm. The second polymer network preferably has a thickness of 5 nm - 450
micrometer; 25 nm- 50 micrometer; 100 nm -5 micrometer en 100 nm — 500 nm.
The thickness is preferably 0,5-100 micrometer, preferably 0,5-50 micrometer,
more preferably 0,5-20 micrometer.

The second polymer network can comprise a targeting moiety or a biological
compartment retention molecule. The second polymer network has an inward
directed surface at the first polymer network and an outward directed surface on
the opposite side. The targeting moiety or biological compartment retention

20  molecule, are preferably immobilized at the outward directed surface. In a
preferred embodiment the targeting moiety or biological compartment retention
molecule is chemically or physically linked to the second polymer network. Means
and methods for linking a molecule to a polymer network are described elsewhere
herein. A targeting moiety is preferably a binding molecule with a specificity for a

25 proteinaceous molecule that is present at and chemically or physically linked to or
near a site of interest. The targeting moiety is preferably a binding molecule with a
specificity for a cellular receptor or a chemically or physically linked matrix
protein. The targeting moiety is preferably specific for a proteinaceous molecule
that is present in and chemically or physically linked to a synovial cavity.

30  Examples of such targeting moieties are, but not limited to, an antibody or an
antigen binding fragment thereof. It can be a single chain Fv fragment (scFv), a
FAB-fragment, an anticalin, a so-called nanobody, a bicyclic peptide and the like.
The term “antibody” as used herein means a proteinaceous molecule, preferably
belonging to the immunoglobulin class of proteins, containing one or more variable

35  domains that bind an epitope on an antigen, where such domains are derived from
or share sequence homology with the variable domain of an antibody. An antibody
fragment comprises at least the variable domain of an antibody. The binding
molecule can also be a member of a ligand/receptor pair.

40 The aqueous solution comprising hydrogel particles as described herein is
preferably a polymerizable solution. This is for instance useful in bioinks (see for
instance Kamperman et al (Adv. Health. Mater. 6; 2017; 1600913). Other uses
include but are not limited to improving the retention of the hydrogel particles at a
certain location in the body. Furthermore polymerizable aqueous solution can be
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used in engineered tissue and can make a hostile inflammatory environment more
friendly for the implant (engineered tissue) by putting one or more sinks into the
engineered tissue.

5 The aqueous solution as described herein is preferably a pharmaceutical
solution, preferably a pharmaceutical composition comprising hydrogel particles as
described herein and a pharmaceutically acceptable carrier, or excipient. The
aqueous solution, the pharmaceutical solution or pharmaceutical composition is
preferable an injectable solution or composition. An injectable solution is a solution

10 that can be passed through a hollow needle that is used to administer fluids to the
body of a human in the medical profession. The needle can be hypodermic needle
which is a thin, hollow tube with a sharp tip that contains a small opening at the
pointed end. It is commonly used with a syringe, a hand-operated device with a
plunger, to inject substances into the body. An aqueous solution is a solution in

15 which the solvent is water. The aqueous solution is preferably a physiological
solution (i.e. comprising an osmolarity that is compatible with life. Often
physiological salt solution is used (9 g of salt per liter (0.9%) solution). When
buftfered with a phosphate buffer it is known as phosphate buffered saline or PBS.

20 The aqueous solution acts as the cytokine sink as to remove deplete
molecules/cytokines from the surrounding environment of implants (making a
hostile environment less hostile by incorporating the cytokine sink microgels into
an (distinct/secondary) ink/biomaterial)!

25 The invention also provides a hydrogel particle, a pharmaceutical solution,
or a pharmaceutical composition as described herein for use in the treatment of a
patient with an over-active immune system, a cancer, or over-active hormone
and/or cytokine producing cells, preferably in the treatment of inflammation,
preferably in the treatment of joint-inflammation. The patient with an over-active

30  immune system can be an auto-immune disease patient, a patient with an
inflammation, a microorganism induced immune response (e.g. bacteria or yeast),
trauma induced immune response (acute stress causes inflammation), tissue
degeneration induced immune response (breakdown products can induce
inflammation) and the like.

An overactive immune system is a condition when the immune system
starts killing cells and tissues inside the body or a condition wherein the immune
response is in “cytokine storm” mode which primary symptoms are high fever,
swelling, redness, extreme fatigue, and nausea. In some cases the immune reaction

40  will be fatal. While an effective immune system is necessary to ensure good health,
an overactive immune system is a threat in itself. The immune system keeps our
body protected against any harmful viruses and bacteria. However, there are times
when our immune system can go awry and start attacking our own body tissues
and cells. This can result in various auto-immune diseases, various shock
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symptoms and allergies. The American autoimmune related disease association
maintains a list of auto-immune disease. Typical for most of these is the (local)
presence of pro-inflammatory cytokines or soluble allergens or antigens. One or
more of these factors can be depleted from the locality by injecting a hydrogel
5  particle, a pharmaceutical solution, or a pharmaceutical composition as described
herein and having one or more binding molecules specific for one or more of these
factors at the affected locality in the body. The local depletion at least reduces the
progression of the disease at least at the locality. The local depletion reduces one or
more symptoms of the disease at least at the locality.
10
Cancer does not have one specific cause. However, central to the growth and
maintenance of many cancers is their dependence on one or more extracellular
stimuli. Antibodies targeted to the cancer cells are presently being evaluated in
clinical trials. Such antibodies are typically directed towards molecules present on
15  the cancer cells or the associated matrix. The binding molecules in the first
polymer network of the hydrogel particles of the present invention are typically not
directed towards such associated markers as these are linked to large structures
that cannot diffuse into the polymer network of the particle. Instead the binding
molecule is preferably directed towards a soluble peptide or protein with tumor
20  maintenance or tumor growth effect or an immune response inhibiting effect. Non-
limiting examples of such factors are the various soluble EGF or EGF-like factors,
the various rspondins, Bmps, TGEFbs. WNTs, FGFs, VEGEF, CXCLs, ARGs, CCLs,
ILs, TNFs, MMPs, ADAMTSs, ANGs, PDGFs, 1GFs, HGFs, PIGFs, and/or OPN. One
or more of these factors can be depleted from the locality by injecting a hydrogel
25  particle, a pharmaceutical solution, or a pharmaceutical composition as described

herein and having one or more binding molecules specific for one or more of these
factors at the affected locality in the body. The local depletion at least reduces the
progression of the cancer at least at the locality. The local depletion reduces one or
more symptoms of the cancer at least at the locality.
30
Another way of treating vascularized cancer is by locally sequestering
and/or depleting vasculature stimulating soluble factors such as VEGF and/or FGF.
Other vasculature stimulating soluble factors that can be sequestered are Bmps,
TGFbs. WNTs, FGFs, VEGF, CXCLs, ARGs, CCLs, ILs, TNFs, MMPs, ADAMTS,
35  ANGs, PDGFs, IGFs, HGFs, P1GFs, and/or OPN. This at least reduces new
vascularization near the injection site(s).

Inflammation is part of the biological response of body tissues to harmful
stimuli, such as pathogens, damaged cells, or irritants. It is a protective response
40 involving immune cells, blood vessels, and molecular mediators. Inflammation is
typically helpful in counteracting the harmful situation. However, when
exceedingly strong, or chronic, inflammation can be harmful by itself.
Inflammation is a process that involves various interactions of cells, matrices and
structures. It also involves so-called pro-inflammatory cytokines. One or more of
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these cytokines can be depleted from the locality by injecting a hydrogel particle, a
pharmaceutical solution, or a pharmaceutical composition as described herein and
having one or more hinding molecules specific for one or more of these cytokines at
the affected locality in the body. The local depletion at least reduces the

5  progression of the inflammation at least at the locality. The local depletion reduces
one or more symptoms of the inflammation at least at the locality.

Non-limiting and preferred examples of cytokines to which a binding
molecule present in the first polymer network may be directed are: interleukin-1
10  (IL-1); IL-2; 1L-4,1L-6, IL-10, 1L-12, IL.-13, IL-17 and IL-18, tumor necrosis factor
(TNF), interferon gamma (IFN-gamma), IFN-alpha, and granulocyte-macrophage
colony stimulating factor.

The auto-immune disease is preferably arthritis, preferably rheumatoid
15  arthritis. The hydrogel particles comprising a binding molecule specific for a pro-
inflammatory cytokine is particularly suited to treat joint symptoms in arthritis,
preferably rheumatoid arthritis.

The disease is preferably rheumatoid arthritis, Crohn’s disease, asthma,
20  bacterial infection, sepsis, whole organ failure, cancer, or transplant rejection. The
disease is preferably a disease that can be treated via the implantation of an
engineered tissue or organ.

The hydrogel particles comprising a binding molecule specific for a pro-
25  inflammatory cytokine is particularly suited to treat joint-inflammation.

Also provided is a method of treatment of a subject with an over-active
immune system, a cancer, or over-active hormone and/or cytokine producing cells
comprising administering the subject in need thereof a hydrogel particle as

30 described herein or a pharmaceutical solution or composition comprising said
hydrogel particles. The administration is preferably by means of injection at a
locality. Preferably a tumor, a particular site of inflammation, such as an arthritic
joint. The inflammation is preferably a joint-inflammation.

35 When implanted in highly vascularized areas like the liver, the
microparticles can be used for systemic treatments, or ‘in vivo dialysis’. For
example, by injection in the portal vein, microparticles get stuck in capillary bed of
the liver, where they can then deplete the blood of harmful / unwanted’ cytokines.
In this setting they can also be used for the treatment of allergies, by capturing

40 allergens, histamines or allergy-inducing cytokines from the blood. Intravascular
injection also leads to efficient retention in the capillary beds of lungs, which can
also be used to ease the diseases burden e.g. by alleviating the inflammation.



WO 2019/143247 PCT/NL2019/050031
22

In cell biology research the microparticles can be used to deplete a cell, a
tissue culture, or engineered tissue from specific growth factors or cytokines. This
allows a tight control over the crosstalk of cells or cell types in, for example,
cellular co-cultures.

5 Cytokine sinks may also be used during/after surgery as a preventive
treatment against (chronic) inflammation. Besides injection, affinity microparticles
can also be optimized as therapeutic agents of the digestive tract (e.g. regulation of
the intestinal flora / advanced probiotics). For veterinary purposes: systemic
depletion of growth factors / antibiotics before slaughter to minimize meat/food

10 contamination. Hydrogel particles as described herein can be used in eye drops,
topical use (cream/lotion). Combinatorial approaches using multifunctional
cytokine sinks or a mixture of distinct cytokine sinks can be used.

As an alternative for the resin in hemoadsorption devices such as the CytoSorb
allowing depletion of blood from cytokines in a specific manner.

Injection can be in the tumor, inflammation area, intravenous,
intramuscular, intraperitoneal etc.

In vitro administration of a hydrogel particle as described herein can be
20  performed with any suitable means for delivering a fluid, such as a container with
a closeable orifice. For instance a printing nozzle or a printing device.

Further provided is a method for reducing the bicavailability of a soluble
biological molecule in a biological system, the method comprising providing said

25  system with hydrogel particles as deseribed herein, wherein the biological molecule
comprises a hydrodynamic radius that can access said polymer network and said
binding molecule can bind said biological molecule. The biological system can be an
in vitro cell culture system. Such systems are inherently closed and provide a local
environment to the hydrogel particle. The particles are particularly suited to

30 deplete the culture medium from one or more undesired soluble proteinaceous
factors. When growth is not desired the factor can be soluble growth inducing
factor depending on the type of cells that are cultured. Non-limiting examples are
EGF and insulin like growth factor. When growth is desired the factor can be
soluble growth inhibiting factor depending on the type of cells that are cultured.

35 For instance when culturing and differentiating stem cells it can be advantageous
to inhibit differentiation into other than desired lineages by depleting the culture
for differentiation factor(s) that induce differentiation into this undesired lineage.
The invention also provides a use of a hydrogel particle, a pharmaceutical solution
or composition as described herein for reducing the bioavailability of a biological

40 molecule in a biological system.

The biological system can also be human or a non-human animal. The
biological system can also be an organ-on-a-chip, preferably composed of one or
y 8
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more organs, or an engineered physiological system aimed at replicating human
biology in an ex-vivo manner.

Also provided is a method for reducing the bioavailability of a biological
5  molecule in a biclogical system, the method comprising providing said system with
a hydrogel particle as described herein, wherein said biological molecule has a
molecular weight of 200 dalton to 150 kilodalton and wherein said binding
molecule binds said biological molecule.

10 Also provided is the use of a hydrogel particle as described herein as a
cytokine sink.

Hydrogel particles as described herein can have a porous surface and an
first polymer network that comprises a binding molecule immobilized in the first
15  internal polymer network. The pores in the porous surface may have an average
cross sectional diameter of from about 0,1 nanometer (nm) to 1000 nm. The pores
in the porous surface preferably have an average cross sectional diameter of 0,5 -
1000 nm; preferably 2-300 nm; preferably 2-100 nm, more preferably 5-50 nm.

20 An IgG antibody typically has a molecular weight of 150 kDa and a cross-
sectional diameter in the range of 10 nm. Such molecules can easily diffuse into a
hydrogel particle with pores of 100 nm. An IgG molecule has a hydrodynamic
radius of about 5,5 nm.

25 A cross sectional diameter of a particle or a pore is the diameter of a surface
formed by cutting perpendicular to its longest axis. If the surface is not roughly
circular the diameter is half of the sum of the length of longest distance and the
length of the shortest distance between two opposing points on the cross section.
The cross-section is typically at the broadest point.

30

Cross-sectional diameters indicated herein refer to diameters of or in
hydrated hydrogel particles. Preferably with a physiological saline aqueous
solution at pH 7 — 8, such as phosphate-buffered saline pH7.4.

35 A peptide has fewer amino acids than a protein. The difference size between
a peptide and a protein is often arbitrary. In the present invention peptides are
defined as molecules that consist of between 2 and 50 amino acids. Protein are
molecules with more than 50 amino acids.

40 A biological molecule is a molecule that is or can be produced by an
organism. Peptides and proteins are considered biological molecules in the present
invention, also when they are synthesized artificially.
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In some embodiments, the hydrogel can further comprise a molecule that
can diffuse out of the particle, for instance to provide a slow release of the molecule
in addition to the “sink” functionality of the particle towards the target biological
molecule. In one embodiment displacement of a desthiobiotinylated molecule by a

5  Dbiotin or biotinylated molecule can be used for the on-demand and/or controlled
release of the desthiobiotinylated molecule to, e.g. switch off its local function or
achieve its on-demand and/or controlled release.

For the purpose of clarity and a concise description features are described
10 herein as part of the same or separate embodiments, however, it will be
appreciated that the scope of the invention may include embodiments having
combinations of all or some of the features described.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1: Schematic drawing of hydrogel particles in the prior art. The left hand
panel depicts the organization of binding molecules in a hydrogel particle intended
for controlled release of the binding molecule. The right hand panel depicts binding
molecules exposed on the surface of nanoparticles intended to bind and present

20  antigen to the outside.

Figure 2: A) schematic drawing of an embodiment of a hydrogel particle of the
invention where a binding molecule is immobilized in the interior of the hydrogel.
B) schematic drawing of an embodiment of a hydrogel particle of the invention

25  where a binding molecule is immobilized in the interior of the hydrogel and
wherein the hydrogel is surrounded by a second hydrogel that does not contain the
binding molecule and has a mesh size that functions as a sieve allowing target
molecules to enter the particle and that prevents larger molecules from entering
the particle.

30
Figure 3: A schematic representation of a llama VHH. VHH is organized in 9 anti-
parallel B-stands connected with loops. Three of these loops form the
complementary determining regions (CDR1, CDR2 and CDR3). Loops L1, L2, L3
and L5 are located away from the CDRs and are suited for the introduction of

35 glycosylation sites and incorporation of glycosyl groups without interference with
binding of the VHH to its antigen. Loop L4 is located close to the CDRs and its
manipulation may affect the binding of the VHH to its antigen.

Figure 4: Characterization of VHHs targeting hBMP7. (A) The amino acid sequence
40  of VHH-G7 targeting hBMP7. Frame works (FR) and the complementary
determining regions (CDR) are indicated according to Chothia [39]. (B) Purified G7
was sized-separated by a 15% SDS-PAGE and stained with Coomassie Brilliant
Blue. Molecular weight markers (in kDa) are indicated at the left. (C) The specific
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binding of VHH-G7 to hBMP7 in ELISA. Data is expressed as the mean +/-
standard deviation of at least 3 replicates.

Figure 5: Construction and production of bihead G7-MA10. (A) Amino acid
5  sequence alignment of VHH 7 and MA10. Frame works (FR) and complementary

determining regions (CDR) of the VHH are indicated according to Chothia [29]. (B)
The engineered bivalent VHH is schematically represented. Position of G7 at the
N-terminus and MA10 at the C-terminus as well as the GS linker are indicated. (C)
Predicted 3D protein model of the generated bivalent G7-MA10, where the GS

10 linker is highlighted in yellow and the CDR3 of G7 and MA10 are shown in black.
(D) Recombinantly expressed VHH (7, MA10 and G7-MA10 were sized-separated
by a 15% SDS-PAGE and stained with Coomassie Brilliant Blue. Molecular weight
markers (in kDa) are indicated at the left. Calculated molecular weight of the
monovalent and bispecific VHHs are indicated at the right. (E) Binding specificity

15  of bihead VHHs to HA by ELISA. Data is expressed as the mean +/- standard
deviation of at least 3 replicates.

Figure 6: Immunochistochemical staining for VHH and BMP7. Mice were injected
with a bifunctional (bihead) VHH that binds simultaneously to hydroxyapatite in

20  mineralized bone and cartilage and BMP7, the growth factor BMP7 or placebo. At
day 20, one day before sacrifice, half of the animals were injected with the growth
factor BMP7. At day 21, animals were sacrificed, bones were isolated and processed
for immunohistochemistry using an anti-VHH antibody (left panels) or an anti-
BMP?7 antibody. Only mice injected with the hihead stained positive for VHH (top

25  panel). Only in mice 20days earlier injected with the bihead, BMP7 was specifically
enriched in mineralized bone and cartilage (top, right). The BMPT7 staining co-
localized with the VHH staining demonstrating that the VHH was still able to bind
to BMP7 even 3 weeks after the first injection in mice. Injection with BMP7 only
(middle panel) or with placebo (lower panel) did not show VHH staining nor clear

30  enrichment of BMP7 (middle panel) or complete absence of BMP7 in mineralized
bone and cartilage.

Figure 7: (a) Dex-TA-biotin microgels functionalized with a shell (e.g. RGD-type
peptides), while the biotin moieties in the cores remained free, which allowed for

35 further in situ functionalization of the modular microtissues. (b,¢) The thickness of
the functionalized shells could be controlled by the diffusion of neutravidin, which
acted as a reactive substrate for biotinylated moieties. (d) Using this facile
multistep functionalization protocol, the shells and cores of Dex-TA-biotin
microgels could be endowed with distinct functional moieties, (e) as demonstrated

40  using FITC- (i.e. green) and attob565-labeled (i.e. red) shells and cores, respectively.
Such core-shell type functionalization can be leveraged, amongst others, to
physically separate functional moieties in the core from the microgel exterior, by
engineering a non-functionalized or alternatively functionalized shell. Black scale
bars: 100 um. White scale bars: 20 um.
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Figure 8: Controlling functionalized shell (i.e. second polymer network) thickness.
Scale bar: 20 um.

5  Figure 9: Fluorescently-labeled desthiobiotin (DTB-FITC) that is coupled to
dextran-tyramine microgels using tetravalent neutravidin is replaced by various
biotinylated molecules of interest, including biotin-VHH@BMP7, which
demonstrates the successful functionalization of chemically crosslinked microgels
using host-guest (i.e. physical) interactions.

10
Figure 10: Human mesenchymal stem (stromal) cells cultured without (left hand
panel) and with dextran-tyramine microgels (right hand panel). The microgels are
visible as white dots. The microgels (i.e. ‘cytokine sinks’) do not affect in vitro cell
culture as indicated by unaffected cell morphology.

15

Figure 11: In vitro luciferase production of the BMP reporter cell line (C2C12-BRE-

Luc) in response to BMP7, with and without dextran-biotin microgels

functionalized with VHH@BMP7 (i.e., ‘cytokine sinks’). The VHH-functionalized

microgels can prevent cell response by depleting growth factors (i.e. cytokines) from
20  the local environment.

Figure 12: From left to right panel a, b and ¢. Microgels of 30um in diameter were
prepared using near-infrared-labelled Dextran conjugates and injected in the
synovial cavity of a mouse knee. (a) After three weeks, the microgels could still be

25  traced in live animals using fluorescent imaging showing that the microgels were
still present in the injected knee, and (b, c¢) post mortem using histological staining.
Microgels end up in the synovial membrane visible as the dark purple dots at the
left side of panel c.

30 Figure 13: A) Confocal slices of hollow PEG-TA (indicated with PEG) and DexHA-
TA (indicated with DexHA or Dex) microgels incubated with FITC conjugated
dextrans with different molecular weights (20kDa, 40kDa, 70kDa, 150kDa, 500kDa,
2000k Da) and Ig(5. Scale bar represents 250 um. B) Quantification of the microgels’
permeability by digital image analysis of the confocal images from panel A. The

35 molecular weights and hydrodynamic radii of the assessed molecules are [20kDa
dextran-FITC, 40 kDa dextran-FITC, 70 kDa dextran-FITC, 150 kDa dextran-FITC,
500 kDa dextran-FITC, 2000 kDa dextran-FITC, 150 kDa IgG] and [~3.3 nm, ~4.5
nm, ~5.8 nm, ~8.5 nm, ~14.7 nm, ~27.0 nm, 5.3 nm], respectively. *DexHA(-
tyramine) gels are permeable to lgG, but quantification was impossible due to 1gG

40  precipitation in the core of the gel. k indicates kilodalton (kDa).

Figure 14: Modification of DEX and HA.
Schematic representation showing the modification of Dex and HA.



WO 2019/143247 PCT/NL2019/050031
27

We synthesize dextran conjugated to tyramine and mal-amine, and then use this
polymer to react with free thiol group. Polymer VHH conjugates could be directly
injected with in situ crosslinking or first be processed in microgels ,and then
loading VHH. The thus prepared microgels can be injected into the joint space.

5  Polymer VHH conjugates could be directly injected with in situ crosslinking or he
first processed in microgels that could be injected

Figure 15:
Schematic representation of the activation of N-(2-Aminoethyl)maleimide

10 Hydrochloride with PNC (confirmed by 1H-NMR). Subsequent reaction with Dex-
TA yielded Dex-TA-Maleimide.

Figure 16:

'H-NMR analysis of the product confirmed the structure of Dex-TA-Maleimide. The
15 majority of the Mal-PNC reacted with the phenolic residues present op de Dex-TA.

The peaks used for quantification are indicated in the spectrum. The left inset

shows the crosslinked product of Dex-TA-Maleimide with PEG-dithiol, confirming

the reactivity of the maleimide residues in the product.

20  Figure 17:
Reaction scheme of alternative synthesis of Dex-TA-Maleimide by activation of
Dextran with PNC. Dex-PNC was subsequently reacted with a mixture of tyramine
and a maleimide —amine yielding Dex-TA-Maleimide.

25  Figure 18:
tH-NMR analysis of the product confirmed the structure of Dex-TA-Maleimide. The
peaks used for quantification are indicated in the spectrum.

Figure 19:
30  Reaction scheme of the functionalization of Hyaluronic acid with tyramine and
maleimide in the presence of DMTMM.

Figure 20:

'H-NMR analysis of the product confirmed the structure of HA-TA-Maleimide. The
35  circled areas indicate the signals used for the quantification of the tyramine and

maleimide residues.

Figure 21: Schematic representation of the directed coupling of a fluorescently
labeled peptide with free Cys to HA-TA-Maleimide. The successful coupling was
40  confirmed on SDS-PAGE.

Figure 22: Schematic representation of the directed coupling of a VHH with free
Cys to HA-TA-Maleimide. The successful coupling was confirmed on SDS-PAGE.
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Figure 23: Cells (15um), 30 & 100um microgels containing near-infrared labelled
cells were intra-articularly injected in rats with healthy and osteoarthritic knees.
Shown in the graph here is the retention of the NIR signal in healthy knees.

5  Showing that the labelled cells in the gels are present up to at least 11 weeks.

Figure 24: Histological analysis of osteoarthritic knees shows that the gels are still
present in large numbers after 12 weeks.

10
EXAMPLES

Three examples are provided that describe among others i) the in vivo application

15  and biological stability of VHHs; i1) the fabrication of VHH-functionalized hydrogel
particles and their application in vitro and in vivoe; and iii) the fabrication of hollow
/ core-shell hydrogel particles and the measurement of the mesh size or molecular
weight cut-off of these networks.

20  Example 1

The capacity of hydrogel conjugated VHHSs to work as cytokine sinks over a period
of various weeks requires that the conjugated VHHs remain biologically active for
such a long period in the body. To test the stability of the VHHs in the body we

25  injected mice with a bifunctional VHH (bihead) that simultaneously binds to
hydroxyapatite in bone and to the growth factor BMP7.

Materials and methods

30  Library construction and selection of VHH targeting BMP7.
All immunizations were approved by the Utrecht University ethical committee for
animal experimentation. Two llamas were immunized with recombinant human
BMP7 (R&D systems, #354-BP/CF). The antigens were mixed with the adjuvant
Stimune (CEDI Diagnosties, Lelystad, the Netherlands) and injected

35  intramuscularly at days 0, 14, 28 and 35. At day 44, peripheral blood lymphocytes
were isolated for RNA extraction and library construction. The VHH phage display
libraries were generated as previously described [1-3] and transferred to
Escherichia coli (E. colli) strain TG1 [supE hsd_5 thi (lac-proAB) F(traD36 proAB_
laclq lacZ_M15)] by electroporation.

40
Phages binding to BMP7 were selected via the panning method. Decreasing
concentrations of BMP7 (5 png, 2 pg and 0.2 pg) in phosphate buffered saline (PBS,
(Gibco) were coated in the wells of MaxiSorp plate (Nune, Thermo Scientific)
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overnight at 40, Phages, approximately 1010 colony forming units (cfu), were
incubated for 2 hours at room temperature (RT) with the coated BMP7, and
blocked with 4% Marvel (dried skimmed milk, Premier International Foods) in
PBS. After washing thoroughly, phages binding to BMP7 were eluted by incubating
5  them in 100 mM triethylamine (TEA) for 15 minutes at RT. Eluted phages were

immediately neutralized through the addition of 1M Tris-HCI, pH 7.5. DNA
information of the selected phages was rescued by means of infection with the E.
coli TG1 strain and subsequent selection for ampicillin resistance on agar plates.
To obtain recombinant bacteriophages expressing the VHH as fusion proteins with

10 the bacteriophage gene III, rescued TG1 E. coli were grown to logarithmic phase
and then infected with helper phage VCSM13 (Stratagene, La Jolla, CA, USA) [4].
The phage particles were precipitated with polyethylene glycol (PE() and used in
the second round of selection, on wells coated with BMP7 as described above.
Selected phages from single colonies from the second round of selection were

15  sequenced (Macrogen). Among several VHH candidate clones, the selected one was
named VHH G7 (G7) after analyzing for further characterization.

Selection of VHH targeting HA.
VHH binding to HA were selected from a non-immunized llama VHH phage library
20  (kindly provided by BAC BV). The construction of the non-immune library has been
described before [5]. A two-round selection was performed on HA plates. Pure HA
plates measuring approximately 1.5 x 1.5 mm and of a 0.1 mm thickness were
supplied by Plasma Biotal Limited, UK. Phages were incubated with 3 HA plates
in the wells of a 96-wells microtiter plate. The procedure that followed was the
25  same as for VHH G7 selection. Finally, one VHH, named VHH-MA10 (MA 10), was
chosen for further study.

The bihead G7-MA10 was constructed by genetic fusion of the ¢cDNAs, encoding the
VHH binding to BMP7, G7, and the VHH binding to HA, MA10 (Figure 5). PCR

30  was used to amplify the VHH sequences. Different primers sets were designed to
amplify the VHH G7, located at the N-terminus, and the VHH MA10, placed at the
C-terminus, to generate a bivalent VHH (M13Rev:
FAGGTGCAATTGGTGGAGTCTGGG; 5GSBamRev:
AGTAGGATCCGCCACCTCCTGAGGAGACCGTGACCTGGGTCCC; 5GSBamFwd:

35  TCTTGGATCCGAGGTGCAGCTGGTGGAGTCTGGG; TVSSRev:
TGAGGAGACGGTGACCTGGGTCCC). The primers at the 3" of the N-terminus
VHH and at the 5 of the C-terminus VHH encoded a flexible sequence (GS linker)
represented by the pentapeptide ‘Gly-Gly-Gly-Gly-Ser’. The primers contained a
unique restriction site (BamHI). After PCR amplification, the generated fragments

40  were digested with a unique N-terminal restriction site (Sfil) and BamHI for the
VHH located at the N-terminus, and with BamHI and a unique C-terminal
restriction site (BstEID) for VHH located at the C-terminus. The fragments were
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ligated into the expression vector, pMEK222, which was digested with Sfil and
BstEIl, after which they were transformed into E.coli for expression.

E. coli strain TG1 was used for the maintenance of the plasmids, infection by the
5  phages and expression of proteins. For detection purposes in following assays, two

vectors with different tags were used in order to specifically detect the VHH. The
DNA information of the individually selected and isolated VHH was therefore
subecloned into plasmid pUR8100 (for MA 10) or pMEK219 (for G7) containing a C-
terminus Myc and His tags, and pMEK222 containing C-terminus FLAG and His

10 tags. E. coli TG1 was grown in Luria Broth (LLB) or yeast extract and tryptone (YT)
medium containing 2% (w/v) glucose and ampicillin at 100 pg/ml. VHHs were
produced from E. Coli TG1 by Isopropyl B-D-1-thiogalactopyranoside (IPTG)
induction of the lac promoter at 37 °C for 4 hours under non-static conditions. VHH
proteins were purified from the periplasmic fraction via the C-terminus His-tag by

15 cobalt affinity chromatography (TALON His-Tag Purification Resin, ClonTech).
Purified VHHs were analyzed by means of sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). The final VHH concentration was determined on
the basis of UV absorption at 280 nm (NanoDrop 1000 Spectrophotometer, Thermo
Scientific) and the theoretical mass extinction coefficient.

20
VHH binding specificity.
The binding specificity of the purified VHHs (G7, MA10, G7-MA10) was tested in
an enzyme linked immunosorbent assay (ELISA) binding assay. The binding of
MA10 to bone was further tested in mouse fetal metatarsals.

25

Binding specificity of VHH-G7 or bihead G7-MA10 to BMP7.
MaxiSorp plate wells were coated with BMP7 (30 nM) in PBS overnight at 4 °C,
after which they were blocked with 2% BSA in PBS for two hours at RT in order to
block non-specific binding sites. Subsequently, wells were incubated with a serial
30  dilution of VHHs (ranging from 0 to 7 pM) in 1% BSA in PBS for two hours at RT.
The wells were washed with PBS tween (PBST) and PBS. Bound VHHSs were
detected by incubation with a rabbit anti-VHH serum (K976) and a donkey anti-
rabbit antibody coupled to a peroxidase. The amount of Horse Radish Peroxidase
(HRP) was developed by the addition of Tetramethylbenzidine (TMB, 1-Step Ultra
35  TMB-ELISA, Thermo Scientific). The reactions were stopped by the addition of
H:S04 and measured at 450 nm (Micro Plate Reader). The dissociation constants
(Kd) were obtained from the subsequent association of experimental data with
specific binding models. The data was normalized to the condition without VHHs.

40  Binding specificity of VHH-MA10 or bihead G7TGS10MA10 to HA.
Microtiter plate wells containing three pure HA plates were blocked with 2% BSA
in PBS for two hours at RT in order to block non-specific binding sites. The
following steps were performed as G7 to BMP7.
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VHH-MA10 bind to mouse fetal metatarsals.
Mouse fetal metatarsals were isolated from FVB mouse embryos (time-paired,
Harlan) at day 17.5 of gestation. (Animal experiments were approved by a local
5  animal ethical committee). After isolation, metatarsals were individually cultured

in wells of 24-well plates in 200 pnl a-MEM, supplemented with 10% FBS, 100 U/ml
penicillin, 100 mg/ml streptomycin and 1% Glutamax (Invitrogen) for 48 hours at
37 °C in humidified atmosphere and 5% CO2. After this equilibration period,
metatarsals were incubated in the presence of VHH (1 pg/ml) for 2 hours at 37 °C

10 in humidified atmosphere and 5% COZ2. To enable visualization, prior to
incubation, VHH MA10 and control VHH 1B5 were randomly labeled with Alexa
Fluor 647, following the manufacturer’s protocol (Invitrogen). This resulted in VHH
MA10-647 and 1B5-647. After intensive washing with PBS, the metatarsals were
evaluated for fluorescence with BD Pathway (BD Biosciences) with an excitation

15 filter of 628 £ 40 nm and an emission filter of 692 + 40 nm.

Dual binding specificity of bihead G7TGS10MA10 to HA and BMP7.
We further tested if the (G7 moiety of the bivalent VHH was still able to bind to
BMPT7 after being immobilized on HA plates. For this purpose, pure HA plates
20  were incubated with serial concentrations of VHHs (ranging from 0 to 7 pM) in 1%
BSA in PBS for two hours at RT after blocking them with 2% BSA for two hours
and with 4% Marvel (Marvel original dried skimmed milk) subsequently for one
hour. Subsequently, the HA plates were incubated with hBMP7 (300 ng/ml) and
mouse anti-hBMP7 (1 pg/ml) antibody for one hour at RT. In between these steps,
25 the wells were washed with PBST and PBS. Bound anti-hBMP7 was detected by
incubation with a donkey anti-mouse antibody coupled to HRP in 1% BSA in PBS
(1 hour, RT). The amount of HRP was quantified by addition of OPD in the
presence of H20z (30 min, RT). The reaction was stopped by addition of H2SO4.
Subsequent measurements were performed at 490 nm.
30
Biological activity of VHH G7 and bihead G7-MA10.
Alkaline phosphatase (ALP) assay.
The C2C12 cell line was used for osteogenic differentiation. Cells were cultured in
DMEM (Gibeo) supplemented with 10% fetal bovine serum (FBS, Cambrex), 100
35  U/ml penicillin (Gibeo) and 100 pg/ml streptomyein (Gibeo), and were incubated at
37 °C in humidified atmosphere and 5% CO2. To perform differentiation assays,
cells were seeded at a density of 10,000 cells/cm? (day 0). Upon reaching confluence
(day 4) cells were cultured for 3 days with ascorbic acid (50 pg/ml; Sigma Aldrich)
and stimulated with BMP7 (300 ng/ml; R&D Systems) in the presence or absence of
40  VHH G7 (1 pg/ ml) or GTGS10MA10. At day 7, cells were washed with PBS and
lysed with CDPStar lysis buffer (Roche). To evaluate ALP activity, cell lysate was
added to CDPStar reagent (Roche) and luminescence was measured using Vector
Microplate Luminometer (Promega). The luminescence units were corrected for
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DNA content. DNA concentration was determined via proliferation assay according
to the manufacturer’s protocol (CyQuant Cell Proliferation Assay Kit, Invitrogen).

ALP staining and imaging
5  Pure HA plates were placed in a 96-well plate (flat bottom) and sterilized with 70%

ethanol for 2 hours. C2C12 culture medium was added to the wells for 2 hours.
Bihead VHH (1 pM) was added to the wells in 1% BSA in PBS and kept at RT for 2
hours. hBMP7 (300 ng/ml) was added to the wells in PBS and left for 2 hours. In
between these steps, the wells were washed with PBS. C2C12 cells, at a seeding

10 density of 10,000 cells/well, were added to the wells together with ascorbic acid.
After three days, the ALP expression on HA plates was determined by the Sigma
Alkaline phosphatase kit following the protocol. The image was taken by
stereoscopic microscope after counter-staining the cell nuclei with nuclear fast red.

15  VHHs in vivo experiments.
Labeling of MA10 and bihead G7GS10MA10 with near infrared IRDye 800 CW
(IR).
On the basis of the promising results of VHH MA10 and bihead G7TGS10MA10
binding to mineralized bone matrix, near infrared IRDye 800 CW was chosen to

20  label the VHHs for further detection in the vivo mouse model. VHH J3 was used as
a non-HA binding control. A direct labeling strategy, consisting of site-directed
labeling of the VHH’s C-terminus, was used to avoid interference with antigen-
antibody interaction. This was achieved through the genetic introduction of an
unpaired cysteine at the VHH’s C-terminus (MA10-CYS or G7TGS10MA10-CYS),

25  which could be conjugated to a maleimide containing IRDye 800 CW. VHH MA10-
CYS and G7GS10MA10-CYS were modeled using the online program I-TASSER for
protein modeling [6-8]. The obtained VHH MA10-IR and G7GS10MA10-CYS-IR
were tested for binding to HA or to HA and BMP7 simultaneously to confirm that
the genetic modification and labeling did not interfere with the function of the

30  VHHs.

In vivo performance of MA10.
To assess the possibility of MA10 targeting mineralized bone, MA10-1R was
intravenously injected in two groups of balb C nu/mu mice (Charles River, France).
35  One group was injected with VHH MA10-IR (70 pg/100 nl) and the other was
injected with the negative control VHH J3-IR (70 pg/100 pl). The PEARL Impulse
imaging camera (Li-Cor. Lincoln, Nebraska) was used to image the mice. The mice
were anesthetized with 2% Isoflurane and imaged in ventral and dorsal positions
at 0, 1, 3, 24, 48 and 72 hours and 7, 16 and 20 days post injection. The results
40  were analyzed with Pearl Impulse software 3.01. The mice were sacrificed with
COzat 20 days post injection. The organs and skeletons were isolated and imaged.
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In vivo performance of GTGS10MA10.
This study includes four experimental groups. Six animals from each group were
used to measure the dual activities of bihead bound to the bone and BMP7
simultaneously, thus BMP7 was directed to the bone area by bihead targeting
5  hydroxyapatite. Mice from group 1 were injected with IR-labeled bihead

(20ug/100ul), mice from group 2 were injected with BMP7 only (15ug/100ul), mice
from group 3 were injected with a mixture of IR-labeled bihead and BMP7 (20ug
bihead and 15ug BMP7/100ul); the mixture was prepared 2 hours before injection.
Group 4 was injected with PBS negative control. At day 20 (24 hrs before sacrifice),

10 3 mice of each group received another injection of BMP7 (15ug/100ul). IR imaging
was performed at regular time intervals: at day 0, 2hrs, 24hrs, 72hrs, 7d, 14d, 21d
in ventral and dorsal position. All groups were sacrificed 21 days after injection,
and a number of organs and skeletons were collected and imaged.

15  Microscopic images of the bone of IR-bihead injected mice.
In order to detect the fluorescence signal location inside bone, microscopic imaging
was performed after methyl methacrylate (MMA) embedding. To make sample
slides, skeleton samples were fixed in 10% formalin 24 hours after sacrifice.
Samples were rinsed with PBS and put into a Tissue Processor to dehydrate at 70%

20  ethanol for 4 hours, 80% ethanol for 4 hours, 90% ethanol for 4 hours, 96% ethanol
for 4 hours, 100% ethanol for 4 hours and 100% ethanol for 4 hours. The
dehydrated skeletons were incubated with MMA solution (135 ml K-plast A, 15 mL
K-plast B, 1.5 g initiator) for 1 week at 4 °C; the solution was changed every two
days. Once the MMA had thoroughly infiltrated the skeleton, MMA embedding was

25  performed by incubation with MMA solution overnight at 4 °C, followed by a water
bath at 37 °C until the MMA had hardened. A 300pm section was sliced from the
MMA embedded skeleton with a diamond blade (LEILA SP1600) and imaged using
an Odyssey Near Infrared imaging system coupled to a microscope.

30  Immunochemistry for skeletons of IR-hihead injected mice.

In order to detect whether the injected BMP7 had been directed to the bone tissue
by the bihead and following triggered BMP7 signal transduction, rabbit source
anti-VHH (QVQ), anti-BMP7 (Peprotech) and anti-SMAD 1 (Santa Cruz)
antibodies were used for the purpose of immunochemistry. After decalcification for

35 3 weeks in EDTA solution (solution changed every week), the injected mice
skeleton was embedded in paraffin and a 5pm section was sliced. The slides were
de-paraffinized in xylene and rehydrated with graded ethanol. The antigen was
retrieved by a citrate buffer (10 mM pHG6.0) 2 min in a microwave, then cooled
down to RT. This was followed by blocking the endogenous-peroxidase by a 3%

40  H202 solution for 15 min at RT. After blocking in 5% BSA in PBS for 1 hour,
samples were incubated overnight with primary specific antibody diluted in
blocking buffer (anti-VHH 10ug/ml, anti-BMP7 10ng/ml, anti-SMAD1 10ug/ml) and
IgG control antibody at 4 °C. Followed by adding biotinylated goat anti-rabbit 1g(z
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(Abcam) for 30 min, and HRP-strep in PBS (2ug/ml) for 30 min. Samples were
incubated in DAB solution (Abcam) for 10 min, hematoxylin was used to
counterstain the nuclei for 10 sec. The samples were washed 3 times by PBS
between each step. Nanozoomer was used to take an image.

Statistical Analysis.
Statistical analyses were performed using GraphPad Prism version 5.00 for
Windows, GraphPad Software (San Diego, California). The analyses were based on
one-way ANOVA and a Tukey’s Post-hoc test (p < 0.05) among all samples or

10 between samples and controls. Error bars indicated standard deviation.

Results
VHH targeting BMP7 (VHH-G7) production and characterization.
VHH was selected from phage display libraries constructed from RNA isolated
15  from PBLs of llamas immunized with recombinant human BMP7. After two
selection rounds, a clear enrichment was found on the antigen-coated wells in
comparison with empty wells. Several clones were selected for further screening
using binding to BMP7. From two master plates of 190 VHH clones, the selection of
individual clones was sized down by grouping on the basis of restriction patterns
20  and an ELISA binding assay. One clone named VHH G7 (G7) was selected for
further characterization based on binding specificity. The gene sequence was
subeloned into expression plasmids and produced and purified as indicated in
materials and methods. The sequence of clone G7 is shown in Figure 4. The purity
of the recombinantly produced VHH was assessed by SDS-PAGE and Coomassie

25  blue staining (Figure 4). A clear band was observed with a size of 16 kDa. To
confirm the specific binding of VHH G7 to hBMP7, an ELISA was performed
(Figure 4). The data indicated that VHH G7 binds to hBMP7 with a Kaof 2,2nM.

30

VHH targeting HA ( VHH MAT10) production and characterization.
VHH were selected from a non-immunized phage library. The selections were
performed on HA plates placed in wells of a 96-wells microtiter plate. A total of two
selection rounds were performed on HA plates to achieve an enrichment of phages
35  binding to HA plates. Six single clones that showed binding to HA were selected
during screening. After VHH expression and sequence determination, clone MA10
was selected for further characterization. VHH MA10 was purified from the
periplasmic fraction of E.coli TGG1 using TALON. The size and purity of the VHH
were assessed by SDS-PAGE where a single band was detected of 16 kDa. The
40 specific binding of VHH MA10 to HA was tested by ELISA. VHH MA10 showed
binding to HA in a dose dependent manner with an apparent affinity of Kqa= 73.9
nM.
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We next tested whether MA10 could be used for visualizing mineralized bone using
explanted fetal mouse metatarsal. For this, VHH MA10 was labeled with Alexa
fluor 647. An unrelated VHH was used as a negative control VHH 1B5 and was
also labelled. The labeling efficiency obtained was 30% and 50% for VHH MA10-

5 647 and 1B5-647, respectively. Next metatarsals were incubated with both VHHs.
Fluorescent microscopy on the intact metatarsals revealed that VHH MA10-647
was specifically bound to the mineralized cartilaginous matrix of the primary
center of ossification. In addition, binding to the developing bone collar in which
mineralized bone matrix is deposited was observed. In contrast, VHH 1B5-647

10 binding to mineralized extracellular matrix was strongly reduced, with the
exception of some nonspecific fluorescence at the boundary of the mineralized and
hypertrophic cartilage, and with faint fluorescence in the bone collar. Interestingly,
Alexa Fluor 647 did not display any significant auto fluorescence using an emission
filter of 692 + 40 nm.

Bihead G7-MA10 production and characterization.
In order to explore the potential of VHH with dual specificity in functionalizing
biomaterial surfaces, a bispecific VHH consisting of an anti-BMP7 and an anti-HA
was constructed. PCR was used to link the genes of the two VHHs (Figure 5) and to
20  introduce a linker sequence between them, as described in material and methods
(Figure b). The resulting bihead VHH is schematically illustrated in Figure 5. Its
structure was predicted by ITASSER demonstrating that the genetic fusion did not
impact the exposure of the complementary determining regions (CDR) involved in
antigen binding [17-19]. The fusion gene of the GTGS10MA10 was subcloned into
25 expression plasmids and produced and purified as indicated in materials and
methods. As shown in Figure 5, the size of the produced bihead VHH had the
expected molecular weight of 30 kDa, about twice that of the monovalent VHHs
which have a weight of 16 kDa, as shown by SDS-PAGE.

30 In order to show whether the combination of MA10 and G7 in a bispecific VHH
influences the binding of the MA10 part of the bihead VHH to HA and accordingly
the G7 part to BMP7, the binding specificity was determined using ELISA. As
shown in Figure 6, bihead VHHs show specific binding to HA with an apparent
affinity of Ka of 62.59 nM, and to hBMP7 with an apparent affinity of Ka of 0.4 nM,

35 respectively, which is in agreement with the affinities of the individual components
for HA and hBMP7. In order to show if the bihead VHHs are also able to bind to
HA and hBMP7 simultaneously, a binding curve was obtained for hBMP7 to the
bihead which was first immobilized on a HA disc. As shown, the bihead was able of
binding both HA and hBMP7 albeit that the binding to HA reduced the affinity of

40  G7for hBMP7.

The biological activity of VHH-G7 or bihead G7-MA10 hBMP7 was tested in C2C12
cells. ALP is an early marker of osteogenic differentiation, and it is strongly
induced by hBMP7. Here we determined the effect of VHH-G7 or bivalent G7-
MA10 in the presence or absence of hBMP7 in culture medium on Alkaline
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Phosphatase activity (ALP) over a 7-day period. ALP activity was induced around
400-fold in the presence of hBMP7. Interestingly, when cells were co-treated with
hBMP7 in the presence of VHH-G7 or bihead G7-MA10, a clearly superior
induction of ALP activity was observed: Both VHHs increased ALP activity induced
5 by BMP7 with 177%. There was no significant difference between G7 and (7-
MA10.
We next tested whether the potentiating effect of the bihead G7-MA10 on hBMP7
activity was preserved when the bihead was bound to HA. For this, C2C12 cells
were cultured on pure HA plates after pre-incubation with bihead and/or hBMP7.
10 The HA plates were extensively washed with PBS hetween steps before cells were
seeded on top. Compared to control, pretreatment of HA discs with hBMP7
marginally induced ALP acitivity. Much stronger induction of ALP activity was
found in discs pretreated with both the bihead and BMP7. This indicated that the
bihead was able to sequester hBMP7 out of the medium on the biomaterial surface
15  and that this local enrichment is sufficient to induce ALP activity in the C2C12
cells.

Infra-red labeled VHH MA10 binds to mineralized skeleton.
In order to evaluate the potential of MA10 as a probe for optical imaging of bone

20  tissue, MA10 was labeled using a near infrared label yielding MA10-IR. The label
process did not affect the binding specificity of VHH to HA determined by ELISA.
Next, nude mice were intravenously injected with MA10-IR in the tail vein and
imaged at several time points post-injection. Littermates were treated in the same
way with the non-hinding VHH J3-IR as negative control, and images of the two

25 groups were compared. Images taken at early time points showed IR fluorescence
throughout the whole body of the mice in the case of MA10-IR (up to 7 days post-
injection) and in the case of J3-IR (up to 3 days post-injection). At day 20
fluorescent label was still detectable in the skeleton of mice injected with MA10-1R,
in contrast to J3-IR injected mice. After sacrificing, the skeleton and organs were

30  isolated and imaged. The dorsal and ventral images showed a clearly defined
skeleton with high fluorescence measured for MA10-1R. Specific accumulation of
MAT10-IR occurred in mineralized bones. In contrast, no fluorescence was measured
for the VHH J3-1IR in the skeleton. For both VHH, liver, spleen and kidneys show
fluorescence after 20 days. Fluorescence was clearly visible at the kidneys for both

35 groups. Obviously, J3-IR was cleared from the body much faster than MA10-1R,
suggesting that targeting the skeleton through binding to hydroxyapatite extended
the retention time of the VHH in the body considerably to at least 20 days.

Bihead VHHs efficiently direct hBMP7 to bone by targeting hydroxyapatite.

40  In order to evaluate whether hBMP7 can be directed to the bone area by the dual
binding activity of bihead G7-MA10 to BMP7 and HA simultaneously, bihead G7-
MA10 was labeled by IR to G7-MA10-1R. ELISA result showed the labeling did not
affect the binding specificity of the bihead to HA. Next, the mix of hBMP7 and IR
labeled bihead was injected into mice. hBMP7 only or labeled bihead only was
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injected as control. At day 20 (24 hrs before sacrifice), another injection of BMP7
was performed. At early time points IR fluorescence was present in the whole body;
two weeks later fluorescent signal was difficult to measure in the living mice.
However, after sacrifice 3 weeks later, fluorescence was still detectable in the

5  skeleton or organs like liver, spleen and kidneys of group 1 and group 3 mice,
which contained labeled bihead. This means the specific accumulation of bihead-IR
had occurred at mineralized bones. It is reasonable that the signal of labeled
bihead injection mice is weaker compared to labeled MA10 injection mice, since the
dose was 4 times lower than that of VHH-MA10-IR. In order to further detect the

10 fluorescent signal location inside bones, microscopic imaging was performed. Most

fluorescent signals come from the trabecula, which strongly indicated that the
bihead was targeting sites of active bone remodeling.

Immunohistochemistry confirmed the presence of VHH in bone. Half of the mice
15 were injected 1 day before sacrifice with the growth factor BMP7. We performed
immunohistochemistry to detect the VHH using an anti-VHH antibody and BMP7
using an anti-BMP7 antibody. As shown in figure 6, 20 days after injection of the
bifunctional VHH, immunohistochemistry using a rabbit anti-VHH antibody
demonstrates the presence of the VHH in mineralized, hydroxy apatite containing
20  bone and cartilage (left panel, brown stain) while no staining was observed in mice
that were injected with either BMP7 or with placebo 20 days earlier as expected.
When mice were injected with BMP7 in the tail vein 1 day before sacrifice at day
20, immunohistochemistry demonstrated the presence of BMP7 in mineralized
bone and cartilage. The BMP7 staining co-localized with the anti-VHH staining.
25  Moreover no BMP7 was found in the mice that were injected with BMP7 or with
placebo 20 days earlier. This experiment demonstrates that VHH can be retained
in the body when properly targeted to a matrix and that the VHH remain
biologically active. This provides evidence that when VHH are conjugated to the
backbone of a hydrogel matrix and upon transplantation, they remain hiologically
30  active and can still neutralize pro-inflammatory cytokines, growth factors, or
growth factor antagonists by binding over a prolonged period of time.

Example 2

Materials.
Dextran (Dex; MW 15 to 25 kg/mol — Mn 16 kg/mol; lyophilized before use), 4-
nitrophenyl chloroformate (PNC; sublimated before use), LiCl (dried at 110 °C
before use), tyramine (TA) anhydrous pyridine, anhydrous N,N-dimethylformamide
40  (DMP), trifluoroacetic acid (TFA), sodium hydroxide (NaOH), N-Boe-1,4-
butanediamine (NH2-Boc), sodium bicarbonate (NaHCO3), biotin-atto565, biotin-4-
fluorescein (biotin-FITC), 6-aminofluorescein, horseradish peroxidase (HRP, type
VI), hydrogen peroxide (H202; with inhibitor), fetal bovine serum (FBS), calcein
AM, ethidium homodimer-1 (EthD-1), buffered formalin, Triton X-100, and all



WO 2019/143247 PCT/NL2019/050031
38

other solvents were purchased from Sigma-Aldrich. Succinimidyl 6-
(biotinamidoyhexanoate (biotin-LLC-NHS) was purchase from ApexBio. N-
hydroxysuccinimide-desthiobiotin (EZ-Link NHS-desthiobiotin) and 4',6-diamidino-
2-phenylindole (DAPI) were purchased from Thermo Scientific. Phosphate-buffered
5  saline (PBS) was purchased from Lonza. Minimal Essential Medium a with

nucleosides (@aMEM), Penicillin and Streptomycin, GlutaMAX, and trypsin-EDTA
were purchased from Gibco. Basic fibroblast growth factor (ISOKine bFGF) was
purchased from Neuromics. Phalloidin-AF647 was purchased from Molecular
Probes. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow

10 Corning. Aquapel was purchased from Vulcavite. Pico-Surf 1 in Novec 7500
Engineered Fluid and Pico-Break 1 were purchased from Dolomite. (Gastight
syringes (Hamilton), fluorinated ethylene propylene tubing (FEP, inner diameter
250 um, DuPont) and connectors were purchased from IDEX Health and Science.
Low pressure syringe pumps (neMESYS) were purchased from Cetoni.

Dex-TA-biotin synthesis and characterization.
First, dextran was functionalized with tyramine and 1,4-butanediamine, as
previously described.[9, 10] In short, dextran was activated with PNC, which was
subsequently substituted with tyramine and Boc-protected 1,4-butanediamine and,
20  after using TFA and dialysis using a membrane with 3 kDa molecular weight cut-
off, further functionalized with biotin by reacting the Dex-TA-NH2 with a 20-fold
excess of biotin-LC-NHS for at least 1 hour in 0.1 M bicarbonate buffer (pH ~ 8.5).
Dex-TA-biotin was then purified and concentrated using a spin filter column with 3
kDa molecular weight cut-off. The successful syntheses of Dex-PNC, Dex-TA-NH2,
25  and Dex-TA-biotin were confirmed using 1H NMR (AVANCE IIT HD NanoBay 400
MHz, Bruker) in DMSO-d6 or D20. The numbers of conjugated tyramine and
butylamine moieties per 100 dextran anhydroglucose rings were determined by
calculating the ratios of integrated signals from the dextran (6 4.0 — 5.8 ppm) and
the tyramine groups (6 6.66 ppm and 6 6.98 ppm), and those of dextran and the the
30 butylamine groups (0 1.4 — 1.5 ppm), respectively. The number of conjugated biotin
moieties per 100 dextran anhydroglucose rings was determined by calculating the
ratio of integrated signals from the tyramine groups (6 6.66 ppm and 6 6.98 ppm)
and the coupled 6-aminocaproic spacer (6 2.13).

35  Hydrogel particle production and characterization using droplet microfluidics.
All microfluidic chips were manufactured from PDMS and glass using standard
soft lithography techniques. The microfluidic mixer, droplet generator, and HzO2
diffusion-based crosslinking chips were fabricated with ~100, ~25 pm, and ~100 um
high channels, respectively. Aquapel was introduced in the chips before usage to

40 ensure channel wall hydrophobicity. Using FEP tubing, chips were connected to
each other and to gastight syringes, which were controlled by low-pressure syringe
pumps. All emulsions were produced using 2% (w/w) Pico-Surf 1 containing Novec
7500 Engineered Fluid. To generate hydrogel precursor microdroplets, PBS that
contained 5% (w/v) Dex-TA-Biotin (~1 mM biotin) and 22 U/ml HRP in PBS, and
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PBS that contained 5% (w/v) Dex-TA (without biotin) and 22 U/ml HRP in PBS
were combined in the microfluidic mixer and subsequently emulsified in the
connected droplet generator using surfactant containing oil at a 1:6 flow ratio. The
hydrogel precursor microemulsion was flown at a total rate of 14 ul/min through
5  the connected diffusion platform, which was also fed with H20:2 flowing in opposite

direction at a rate of 30 pl/min. The H20z diffused from the feed channel through
the PDMS walls into the gel precursor microemulsion, thereby triggering
enzymatic crosslinking of tyramine-conjugated polymer, as previously
described.[11] The microemulsion was broken by washing three times with

10 surfactant-free fluorocarbon oil and subsequent supplementation of Pico-Break 1 in
the presence of PBS that contained 0.05% (w/v) NaNs for preservation and 1% (w/v)
BSA to prevent aggregation and sticking. On-chip droplets were visualized using a
stereomicroscope set-up (Nikon SMZ800 equipped with Leica DFC300 FX camera).
Retrieved hydrogel particles were imaged using phase contrast microscopy and the

15  size distribution was measured using Matlab software.

Hydrogel particle functionalization and characterization.
After washing Dex-TA-biotin Hydrogel particles three times with excessive
washing buffer that consisted of 1% (w/v) BSA in PBS to remove NaNs, they were

20  consecutively incubated with 1 uM neutravidin in washing buffer, washed with
washing buffer, incubated with 1 uM biotinylated or desthiobiotinylated molecule
of interest in washing buffer, and washed again with washing buffer. If necessary,
the functionalization protocol was repeated, for example, to create core-shell
functionalized hydrogel particles, as further specified in Figure 7. For fluorescence

25  microscopy (EVOS FL), fluorescence confocal microscopy (Zeiss LSM 510 and
Nikon Al+), and fluorescence recovery after photobleaching (FRAP; Zeiss LSM
510), the hydrogel particles were functionalized with biotin-atto565, biotin-FITC,
and/or desthiobiotin-FITC that was produced in house by coupling desthiobiotin-
NHS to 6-aminofluorescein in 1 M bicarbonate buffer (pH ~8). The FRAP curve was

30 obtained by plotting, as a function of time, the fluorescent intensity of the bleach
spot minus the background normalized for the bleach-rate corrected average
intensity before bleaching, where the bleach rate was determined by normalizing
the sample’s fluorescent intensity besides the bleach spot normalized for its
average intensity before bleaching. To characterize the desthiobiotin-biotin

35 displacement, Dex-TA-biotin hydrogel particles were consecutively functionalized
with neutravidin, washed, functionalized with desthiobiotin-FITC, washed, and
functionalized with biotin-attob65, while imaged using fluorescence confocal
microscopy, as described above. Intensities of all fluorescent images were measured
using Imaged software.

40
Cell isolation and expansion. Human mesenchymal stem cells (MSCs) were isolated
from fresh bone marrow samples and cultured as previously described.[12] The use
of patient material was approved by the local ethical committee of the Medisch
Spectrum Twente and informed written consent was obtained for all samples. In
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short, nucleated cells in the bone marrow aspirates were counted, seeded in tissue
culture flasks at a density of 500,000 cells/cm? and cultured in MSC proliferation
medium, consisting of 10% (v/v) FBS, 100 U/ml Penicillin and 100 ug/ml
Streptomyecin, 1% (v/v) GlutaMAX, 0.2 mM ascorbic acid, and 1 ng/ml bFGF (added

5  fresh) in aMEM. When cells reached near confluence, the cells were detached using
0.25% (w/v) Trypsin-EDTA at 37 °C and subsequently subcultured or used for
experimentation.

Modular tissue engineering. To produce modular tissue constructs, the shells of

10 Dex-TA-biotin microgels that contained ~1 mM biotin were first permanently
functionalized with ¢(RGDfK) peptide. To this end, the microgels were incubated
for 30 minutes with 1 uM neutravidin in washing buffer (see previous section
‘microgel functionalization and characterization’), washed, and subsequently
incubated for 60 minutes with 1 uM biotinylated cyclic RGD peptide biotin-(PEG)g-

15 ¢(RGDfK) in washing buffer, as also depicted in Figure 7. Dex-TA (i.e. without
biotin) microgels that had been treated with the same functionalization protocol
and Dex-TA-biotin microgels that had been functionalized with biotin-(PEG)z-
¢(RADIK) were used as controls. The cell adhesive microgels were then co-seeded
with cells into non-adherent microwell chips that were produced by casting 3%

20  (whv) sterile agarose in demineralized water on an in-house fabricated mold, as
previously described.[13] In short, MSCs and microgels were homogenously seeded
into agarose constructs (1.9 em?2) containing 3000 microwells (200 x 200 x 200 um)
at a seeding density of 50 units (i.e. cells + gels) per microwell. The modular
microtissues were cultured in proliferation medium and visualized using

25 fluorescence (confocal) microscopy. C2C12BRA experiment. Viability and metabolic
activity of cells was analyzed by staining with 2 uM calcein AM (live) and 4 uM
EthD-1 (dead) in PBS and visualization using fluorescence microscopy. For
additional fluorescent (confocal) analyses, constructs were first washed with PBS,
fixated using 10% neutral buffered formalin, permeabilized using 0.1% Triton X-

30 100 and subsequently incubated for 30 minutes with 2.5 U/ml phalloidin-AF647
and 1 ng/ml DAPI to stain F-actin and nuclei, respectively.

Statistics: The microgel size distribution was obtained by measuring the diameters
of >275 microgels. The fluorescent confocal intensity measurements (except for

35  FRAP measurements) were performed on >5 microgels per condition and reported
as the average (cross sections of neutravidin diffusion experiment) or the average +
standard deviation (all other experiments) normalized for the highest average
intensity. Cell seeding distributions were obtained by artisan counting of cells and
microgels in >20 microwells per condition and reported as the average + standard

40  deviation normalized for the total average number of units (cells + microgels) per
microwell. The diameter, area, circularity, and solidity of modular microaggregates
were obtained from >10 constructs using the ‘area’” and ‘shape descriptor’
measurement functions of Imaged and reported as the average + standard
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deviation. Linear regression analyses and AVOVA with Bonferroni’s post hoc tests
to analyze statistical significance were performed using OriginPro software.

Results

5  We set out to engineer micrometer-sized hydrogel particles (microgels) that could
be biochemically tuned in a cytocompatible fashion. To this end, dextran was
selected as a bio-inert, biocompatible, and easily modifiable polymer backbone,
thereby acting as a perfect template material for further functionalization.[14, 15]
Tyramine and biotin were selected as reactive side groups that could be

10 enzymatically crosslinked and further functionalized via biotin/avidin interaction,
respectively,[10, 16, 17] in a fully orthogonal and cytocompatible manner. The
dextran polymer was endowed with tyramine and 1,4-butanediamine (i.e. Dex-TA-
NHz), as previously described,[9, 10] which was then further functionalized using
amine-reactive biotin, which contained a long-chain spacer (biotin-LC-NHS).

15 Successful Dex-TA-biotin synthesis was confirmed using 'H NMR. The numbers of
conjugated tyramine and biotin moieties per 100 dextran anhydroglucose rings
were 13 and 6, respectively, as determined by calculating the ratios of integrated
signals from the dextran (6 4.0 — 5.8 ppm) and the tyramine (6 6.66 ppm and 6 6.98
ppm) and those of tyramine and the coupled 6-aminocaproic spacer (0 2.13).

20  Tyramine-functionalized dextran could be crosslinked in situ via the formation of
tyramine-tyramine bonds using horseradish peroxidase (HRP) as a catalyst and
H:O2 as an oxidizer. A microfluidic droplet generator was used to generate
microdroplets composed of 5% (w/v) Dex-TA-biotin (i.e. ~1 mM biotin) and 22 U/ml
HRP. These microgel precursor droplets were cured by controlled supplementation

25  of H20:2 using a diffusion-based microfluidic crosslinking platform that we have
recently reported.[11] This resulted in the formation of monodisperse Dex-TA-
biotin microgels with a diameter of 20.7+0.6 pm.

After enzymatic crosslinking, the biotin moieties remained available for
subsequent orthogonal functionalization (i.e. without affecting the enzymatically

30 crosslinked hydrogel network) via supramolecular biotin/avidin complexation.
Specifically, the biotinylated microgels were further functionalized using a two-step
approach by incubating them with tetravalent neutravidin (i.e. an avidin analog)
and fluorescein-labeled biotin (biotin-FITC), respectively. Fluorescence confocal
microscopy and fluorescence recovery after photobleaching (FRAP) confirmed that

35 biotin-FITC was coupled to Dex-TA-biotin microgels, but not to non-functionalized
(i.e. Dex-TA) microgels, which validated the successful generation and functionality
of Dex-TA-biotin microgels. The final degree of functionalization could be tuned by
changing either the concentration of biotin in the microgels or the type and amount
of biotinylated functional groups that were coupled via tetravalent neutravidin. To

40 control the biotin concentration in the microgels, we varied the ratio of Dex-TA-
biotin and Dex-TA hydrogel precursor solution using a microfluidic mix chip that
was connected to the inlet of the droplet generator. The biotin concentration in the
resulting microgels linearly correlated (R?=0.99) to the final degree of
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functionalization, as measured by coupling either biotin-FITC (i.e. green) or biotin-
attod65 (i.e. red) to the microgels. Alternatively, the biochemical composition could
be altered by varying the ratio of biotinylated FITC and atto565, while maintaining
the same concentration of biotin in the microgels. In principle, both methods could
5  be applied to tune the microgels’ biochemical properties without altering their

biomechanical properties.
We then aimed to create smart microgels that could reversibly and sequentially
present molecules of interest. To this end, we leveraged the reversible nature of the
supramolecular desthiobiotin/avidin complex by displacing desthiobiotin with

10 biotin in a rapid and highly specific manner. Microgels were first endowed with an
abundant amount of neutravidin, which specifically bound to the free biotins in the
microgels (Kq~10-%5). The microgels were then washed (t=0 min) and continually
imaged using fluorescence confocal imaging to visualize and quantify the
desthiobiotin binding and displacement. in time. The neutravidin-labeled microgels

15  were incubated with 1 uM desthiobiotin-FITC (i.e. green), which could bind to the
remaining free binding pockets of the tetravalent neutravidin in the microgels
(Ka~10-1%). After the fluorescent intensity had reached a plateau (t~40 min), biotin-
attoh65 (i.e. red) was introduced to a final concentration of 1 uM. Biotin interacted
more strongly with neutravidin (Ka~10%), which resulted in a rapid displacement

20 of desthiobiotin by biotin. Over 80% of the desthiobiotin-FITC was replaced by the
biotin-atto565 within the first 10 min after biotin addition and approximately 95%
was replaced within 60 min,
We aimed to endow the microgels with a permanent and spatially controlled shell
(i.e., the second polymer network). Specifically, we anticipated that functionalizing

25  the microgel’s shell with biotinylated cyclic RGD peptide biotin-(PE(3)2-c(RGDfK)
would enable the microgels to self-assemble with cells, while leaving the biotins in
the microgel’s core available for further in situ functionalization (Figure 7), thereby
sequestering the molecules in the core from the particle’s environment, while
providing a secondary function to the shell. By tuning the concentration and

30  incubation time of neutravidin, we could reproducibly control its penetration depth
into the microgels. This strategy granted 2.5D control over the microgel’s
biochemical composition by determining the thickness of the neutravidin shell,
which acted as the reactive substrate for subsequent coupling of biotinylated
molecules. This diffusion-based spatial templating was visualized and quantified

35 using biotin-FITC (i.e. green) labeling and subsequent fluorescence confocal
imaging (Figure 7 and Figure 8). After shell functionalization, the microgels’ cores
still contained free biotins that could be endowed with another moiety by repeating
the functionalization protocol with a prolonged neutravidin incubation step. For
example, core-shell multifunctional microgels could be readily prepared by

40  applying a shell functionalization using the multistep functionalization protocol as
described in Figure 7. After confirming the effectiveness of the core-shell
functionalization protocol using fluorescent labels (Figure 7), the same core-shell
functionalization strategy was used to permanently endow the microgels’” shells
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with ¢(RGDIK) peptides to enable integrin-mediated cell adhesion and promote
bottom-up self-assembly. The concentration of biotin and consequently ¢(RGDfK) in
the microgels was set to ~1 mM, as this has been proven to be effective to render
hydrogels with cell adhesive properties.[18, 19]

Dex-TA-biotin hydrogel particles could be endowed with a functional shell of

tunable thickness by controlling the concentration and incubation time of

neutravidin. In fact, the neutravidin acted as a template for subsequent tethering

of biotinylated molecules of interest, as demonstrated using biotin-FITC (i.e. green:
10 Figure 8).

Alternatively, the shell can be functionalized/protected post hydrogel particle
production via polymerization of tyramine moieties that are available on the
hydrogel particles’ surface.

Using a desthiobiotin(DTB)/biotin displacement strategy, we have demonstrated
that biotinylated single-domain antibodies (VHH) can be bound to dextran-
tyramine-biotin hydrogel particles (Figure 9). We have coupled a genetically
modified VHH via a biotin linker to a previously crosslinked and functionalized

20  dextran-based hydrogel. Besides conjugates introduced for crosslinking individual
dextran polymers, these molecules also contain a biotin conjugate (Figure 9). Using
streptavidin (or an alike molecule) as a multivalent (typically
tetravalent)intermediate the biotinylated VHHs are attached to the polymer
backbone in a supramolecular interaction.,

25
To enable directed coupling, a free Cys has been introduced in the C-terminal tail
of the VHH to which the biotin molecule is conjugated using maleimide chemistry.
Using this free Cys the VHHs can also be directly coupled to a susceptible reactive
group introduced at the dextran backbone.

30

VHH-functionalized hydrogel particles can prevent cell response by depleting
growth factors (i.e. cytokines) from the local environment (see Figure 10 and Figure
11). Materials and Methods: C2C12 BRE Luciferase cells were seeded at 10.000
cells/em?2 in growth medium (DMEM, 20% FBS, 1% Penicillin and Streptomycin).

35 After 24 hours, the cells were starved for 12 hours in growth medium containing
0.5% FBS. Starvation was followed by 10-15 hours stimulation in starvation
medium with BMP7 (R&D systems, 300ng/ml). Prior to addition of hydrogel
particles to the cell culture, the hydrogel particles were incubated for 1h in 10%
FBS, to block nonspecific binding. Simultaneously with the BMP7, hydrogel

40  particles were added in a 10-fold excess. After stimulation cells were lysed and the
luciferase expression was determined using manufacturers protocol (Promega,
Luciferase Assay System).
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Long-term retention of hydrogel microparticles after intra-articular injection was
also demonstrated. Microgels of 30um in diameter were prepared using near-
infrared-labelled dextran conjugates and were injected in the synovial cavity of a
mouse knee. After three weeks, the microgels could still be traced in live animals

5  using fluorescent imaging showing that the microgels were still present in the
injected knee, and post mortem using histological staining (Figure 12). Microgels
end up in the synovial membrane visible as the dark purple dots at the left side of
panel ¢ (Figure 12).

10 In certain applications, the displacement of a desthiobiotinylated molecule by a
biotin or biotinylated molecule can be used for the on-demand and/or controlled
release of the desthiobiotinylated molecule to, e.g. switch off its local function or
achieve its on-demand and/or controlled release.

Example 3

Permeability
The permeability of the hydrogel networks was tested using FITC-conjugated

20  dextran with molecular weights of 20, 40, 70, 150, 500 and 2000 kDa (Sigma-
Aldrich) and immunoglobulin G (Ig(, 150 kDa, Sigma-Aldrich). Confocal cross-
sections were made and the fluorescence intensity in the center of the gel was
compared with the fluorescence intensity of the background using a custom made
Matlab script. A minimum of 50 gels per condition were analyzed.

Analysis showed that DexHA-TA capsules were permeable for all FITC conjugates
up to 2000 kDa and IgG {Figure 13) although diffusion is approximately 50%
delayed for larger molecules. This suggests that DexHA-TA based micro hydrogels
are permeable, and most likely permeable to almost all relevant molecules in vivo,

30  including large proteins but diffusion might be hampered. Quantification of 1gG
penetration in DexHA-TA was impossible due to 1gG precipitation in the core of the
gel. The PEG-TA capsules, however, were only permeable up to FITC conjugates of
150 kDa. Based on the fluorescence intensity of the core in PEG-TA capsules
incubated with dextran > 500k and with 1gG which were around back ground

35 levels, diffusion of large molecules appeared severely jeopardized in these capsules
(Figure 13).

Example 4

40 In addition to the indirect coupling of an antibody fragment or peptide via
the biotin-streptavidin-biotin interaction, additional methods were explored for the
direct and targeted coupling of biological molecules to the backbone of tyramine
functionalized polymers like Dex-TA and HA-TA.
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A general method to obtain cytokine sinks that can be injected intra-
articularly in the joint is given in figure 14. In short, reactive maleimide groups are
conjugated to the backbone of polymer-tyramine conjugate. In this way Dex-TA-
maleimide and HA-TA-maleimide polymer conjugates are obtained. Subsequently

5  two methods can be followed. In the first method, antibody or peptide fragments
with a free unpaired cysteine residue are reacted with the maleimide groups at the
polymer-TA backbone. This creates polymer-TA-protein conjugates. These
conjugates can be used for direct injection at the injection site, such as the joint
space, in combination with horse radish peroxidase and minute amounts of

10 hydrogen peroxide. This enables in sifu micro- and macro-gel formation at the
injection site such as the joint space. Alternatively, the polymer-TA-protein
conjugates can be used to first generate microgels as described for the dex-TA-
biotin polymers. Thus generated microgels can be directly injected in the joint
space. In a further method, the polymer-TA-maleimide conjugates are first used for
15  microgel formation after which specific binding molecules with a free unpaired
cysteine residue are allowed to diffuse in the microgel network and react with the
maleimide residues at the polymer backbone.
Two methods were used to introduce maleimide and tyramine residues in the
backbone of Dextran. First, a maleimide — PNC intermediate was formed. This
20  intermediate was subsequently reacted with Dextran-tyramine conjugates (figure
15). As shown in figure 16, Dex-TA-maleimide conjugates were obtained. Besides
that, the maleimide — PNC intermediate also reacted with phenolic residues (left
hand circle). The maleimide groups were still functional as demonstrated by rapid
gel formation once the polymer conjugates were mixed with poly(ethylene glycol)
dithiol groups as expected. Thus prepared Dex-TA-Maleimide conjugates can be

[N]
join §

used for reacting with peptides and proteins with a free-Cysteine.
In a second method, Dextran was first reacted with PNC to obtain a Dex-PNC
intermediate conjugate. Dex-PNC was subsequently reacted with a mixture of
tyramine and a maleimide-amine (figure 17). In figure 18, it is shown that this

30 method resulted in Dex-TA-maleimide conjugates with a degree of substitution of
8% for tyramine and 4-5% for maleimide (figure 18).
To obtain hyaluronic acid (HA) tyramine — maleimide conjugates a two-step
reaction was used. Hyaluronic acid was first reacted with tyramine in the presence
of DMTMM resulting in the formation of HA-TA. Subsequently, HA-TA was

35 reacted with maleimide-amine again in the presence of DMTMM (figure 19). This
resulted in HA-TA conjugates with a degree of substitution of TA of 4,5% which
was subsequently modified with maleimide functional groups at a degree of
substitution of 12% (figure 20).
Thus generated maleimide functionalized polymer conjugates can be used for the

40  conjugation of peptides with a free- unpaired cysteine residue (figure 21) or
antibody fragments (VHH) with an engineered free- unpaired cysteine introduced
in the C-terminus of the protein using recombinant DNA technology (figure 22). To
demonstrate this, a peptide with a free unpaired Cysteine residue was synthesized
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and labelled with a fluorescent dye. This peptide was reacted to the HA-TA-
Maleimide polymer conjugate. Thus formed HA-TA-Peptide conjugate was
subjected to SDS-PAGE gel electrophoresis side by side with the unconjugated
Peptide. Fluorescence was subsequently used for visualization. As shown in figure
5 21, the molecular weight of the HA-TA-Peptide conjugates was increased compared

to the unconjugated peptide demonstrating successful conjugation. Similarly, in
figure 22 it is shown that the HA-TA-Maleimide polymer conjugate also reacted
with an antibody fragment (VHH) in which an unpaired Cysteine residue was
engineered at its C-terminus. Conjugation of the polymer-TA conjugates to the

10 VHH using maleimide chemistry clearly induced an increase in the molecular
weight of the VHH compared to free, unreacted VHH based on SDS-PAGE gel
electrophoresis although not all VHH has reacted.

The examples demonstrate that it is possible to employ different strategies for
15  obtaining polymer conjugates that can be used for generation of cytokine sinks,
such as those based on hyaluronic acid and dextran polymers.
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Claims
1. A hydrogel particle that has an average cross-sectional diameter in the

5 range from 1 micrometer (um) to 1000 um, wherein the particle comprises a first
polymer network with an average mesh size that allows diffusion of a molecule
with an hydrodynamic radius of 1000 nanometer (nm) or less into the first polymer
network and which particle comprises a binding molecule that is immobilized by
the polymer network, and which binding molecule specifically binds a molecule

10 with hydrodynamic radius of 1000 nanometer (nm) or less.

2. The hydrogel particle of claim 1, wherein the first polymer network has an
average mesh size that prevents diffusion of a molecule with an average
hydrodynamic radius of more than 1000 nm to diffuse into the first polymer

15  network, preferably the mesh size prevents diffusion of a molecule with an average
hydrodynamic radius of more than 100 nm, and preferably more than 5 nm.

3. The hydrogel particle of claim 1 or claim 2, wherein the mesh size of the
first polymer network is determined by measuring the diffusion of molecules with a
20  known average hydrodynamic radius.

4, The hydrogel particle of any one of claims 1-3, wherein the polymer is a
biocompatible polymer preferably one or more of dextran; hyaluronic acid; and
poly-ethylene glycol (PEG).

25
5. The hydrogel particle of any one of claims 1-4, wherein the hydrogel
comprises a dextran-tyramine hydrogel; a hyaluronic acid-tyramine hydrogel; a
PEG-tyramine hydrogel or a combination thereof.

30 6. The hydrogel particle of any one of claims 1-5, wherein the binding molecule

is a binding peptide; an antibody or antigen binding part thereof; a ligand binding
receptor; or an aptamer.

7. The hydrogel particle of claim 6, wherein the antibody or antigen binding
35  part thereof is a single-domain antibody.

8. The hydrogel particle of claim 7, wherein the single-domain antibody is a
variable domain of a single chain heavy chain only antibody of a camelid or
cartilaginous fish (also referred to as VHH and VNAR respectively).

40
9. The hydrogel particle of any one of claims 1-8, wherein the particle
comprises a second polymer network that surrounds said first polymer network,
which second polymer network is devoid of said binding molecule.
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10.  The hydrogel particle of claim 9, wherein the second polymer network has a
mesh size that is the same or smaller than the mesh size of the first polymer
network.

5 11 The hydrogel particle of claim 9 or claim 10, wherein the second polymer
network has a mesh size that is not penetrable for a molecule with an average
hydrodynamic radius of more than 100 nm, preferably not for a molecule with an
average hydrodynamic radius of more than 5 nm, preferably not for a molecule
with an average hydrodynamic radius of more than 4 nm.

10
12. The hydrogel particle of claims 9-11, wherein the second polymer network
has a thickness of 1 nanometer — 450 um.

13. The hydrogel particle of claims 9-12, wherein the second polymer network
15  comprises a targeting moiety or a biological compartment retention molecule.

14.  The hydrogel particle of any one of claims 1-13, wherein the binding
molecule can bind a cytokine, a soluble antigen or an auto-antibody.

20 156, An aqueous solution, preferably a pharmaceutical solution comprising
hydrogel particles of any one of claims 1-14.

16.  An aqueous solution suitable for injection comprising the hydrogel particle
of any one of claims 1-14.

17.  The hydrogel particle of any one of claims 1-14, or the aqueous solution of

claim 15 or claim 16, for use in the treatment of a patient with an over-active

immune system, a cancer, or over-active hormone and/or cytokine producing cells,

preferably in the treatment of inflammation, preferably in the treatment of joint-
30  inflammation.

18. A method for reducing the bioavailability of a soluble biological molecule in
a biological system, the method comprising providing said system with hydrogel
particles of any one of claims 1-14, wherein the biological molecule comprises a

35  hydrodynamic radius that can access said polymer network and said binding
molecule can bind said biological molecule.

19.  Use of the hydrogel particle of any one of claims 1-14 or the aqueous
solution of claim 15 or claim 16, for reducing the bioavailability of a biological
40 molecule in a biological system.
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Figure 2
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Figure 6
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Figure 8
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Figure 12

Figure 13
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