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Summary of the thesis

Nanoparticles are under comprehensive investigatsa promising platform for
drug delivery since three decades. However, thesitian from encouraging pre-
clinical research to clinical studies and finalggulatory approval has not yet
occurred for solid colloidal nanoparticles. Thisrlwshall contribute to bridging

that gap. Convinced that therapeutic nanopartieulatmulations should be as
extensively characterized and be kept as simplepassible, this thesis
exemplarily describes analytical methods and prbdacimprovements for

gelatin nanoparticles (GNPs) and proposes theirlegmment in a variety of

immunotherapeutic applications.

Up-scaling of the original manufacturing setup washnically enabled and
resulted in ten-fold increased batch sizes. Sydierarrelation studies facilitated
the establishment of a set of equations to predtessary GNP preparation
parameters for each relevant batch size. This shattibute to future higher GNP

demand in clinical manufacturing.

Moreover, the feasibility of replacing well-establed but initially toxic starting
material glutaraldehyde as a cross-linking agentth®y enzymatic alternative
transglutaminase was demonstrated. Transglutamorasslinked GNPs featured

narrow particle size distributions and high storagbility.

Ultrasonic resonator technology was demonstrated aapable tool in relative
GNP size analysis and DNA surface binding deteatrbith could serve in future
as a non-destructive tool for online in-process trmnin continuous GNP

production. Within this study, a discriminative pegsse of cationized and non-
cationized GNPs towards distinctive buffers waseolsd. The swelling and size
reduction was found to be in accordance with thgueece of salts of the
Hofmeister series.

Of special importance was the successful radioliladpef GNPs by radionuclides
M0t or °®%Ga’, respectively, to monitor their biodistributiontef s.c. or i.v.
administration both by conservative sectioning ambsitron Emission
Tomography. PEGylation was conducted and proofed skveral molecular
weights. However, no enhanced circulation propertieuld be obtained due the
prevalent hydrophilic properties of the startinglecole gelatin. Nevertheless, the
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radio-labeling technique could be beneficial in napplications such as the
monitoring of inhaled GNPs and in the quantificatiof the resulting lung
deposition.

In continuation of promisingn vitro andin vivo studies on the employment of
GNP-bound CpG-DNA as an adjuvant in ovalbumin (OVa&)geted cancer
immunotherapy, initial trials on the immunostimoliat (is) RNA-mediated
immunostimulation clearly demonstrated the poténtth GNPs to assist
addressing also the Toll-Like receptor 7. Here,N&Rsuperiorly entered the
target lysosome when transport was GNP-mediatedire.gontrast to DOTAP-
mediated transport. GNPs effectively protectedisRNA from degradation upon
RNAse challenge. Immunostimulation was successukgaealed by activation of
relevant cell markers such as CD69 and most impbprtaurvival of pre-
immunized and OVA-expressing tumor challenged migas significantly
prolonged. Ongoing studies indicate that this psamg strategy is working in a
therapeutic model setting, too. Thus, GNP-basedNfsRormulations could be
capable to cure existing tumors.

Immunomodulating effectiveness of GNP-bound CpG-Dha#s demonstrated in
a preclinical canine study. The impressive benaffiCpG A-class delivery by
GNPs to peripheral blood mononuclear cells in teofmantiallergic IL-10 release
was revealed in a canime vitro study. This laid the foundation for further, now
starting, in vivo studies to elucidate the posgipibf a therapeutic option against
common canine atopic dermatitis by modulating C@aSeldl immunotherapy.

Finally, a novel approach in therapy of common equallergic condition of

recurrent airway obstruction (RAO) was establishashstituting the first-time

ever immunotherapeutic clinical study associateith \&i colloidal carrier system.
First, an appropriate combination of nebulizer apdcer to nebulize CpG-GNP
formulations was developed for witch a patent waklf Then, a suitable CpG
sequence to stimulate equine BAL cells was idesdifi

On cytokine detection level, it was remarkably [mesto distinguish RAO-
affected from healthy horses vitro. Most notably, regulatory cytokine IL-10
expression was significantly triggeréd vivo by five consecutive inhalations in
RAO-affected horses. The entirety of clinical paetens assessed after
nanoparticle treatment indicated a partial remis<6 the allergic condition. In
particular, breathing rates were lowered to physjal level, blood oxygen partial
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pressure was significantly elevated, the pathogéiS score values were
moderately reduced and the RAO-determinant commtenéutrophile granulocytes
within the TBS was more than halved on averageré&fbee, this preliminary
clinical study showed for the first time safety andrative effectiveness of
colloidal nanocarrier-mediated immunotherapy indguoducing animals.
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General Introduction 1

I General Introduction

1. On the art of drug delivery by nanotechnology

1.1  The aim of this thesis

“Fortiter in re, suaviter in modo What Jesuit general Claudio Aquaviveoined
over 400 years ago with a metaphysic vision in noad be directly transferred to
the prime goal of drug delivery nowadays: going aimisly for the target, but
doing it in a smart and balanced way. Within tlhissis, the “modo”, the kind of
“magic bullets” (Paul Ehrlich) to target only thness without harming the host,
is carried out by gelatin nanoparticles (GNPs). lepyplications of the delivery
system GNPs as a whole were addressed and extgnanag comprehensively
assessed. Already established uses could be fusthengthened leading to
recommendations for future employments of this psorg tool. Some
applications were found to be less beneficial thidner obtainable means being of
current interest in nanotechnology research andeldpment. Therefore, a
contribution to a more success-orientated use loydang future less promising
GNP applications was performed. Finally, completedy insights were gained in
some basic research aspects of formulation anéwnfields of administration as
well as a considerable broadening in the recipspeicies from mice up to dogs
and horses was a mayor success.

The main mechanistic amendment to the scientiéld fof GNP application was
performed by the introduction of an antiallergic nmemnomodulatory therapy
through so called Cytosine phosphodiester guanid@@G) oligonucleotides.
Contrasting the original pursuit to boost immunepanse by CpG or more
recently by RNA analogs towards undesired struststeh as tumors —or in other
groups infectious specimens- it was possible toothice GNPs as a crucial
device in CpG delivery in down regulating immunspenses. This was shown to
be beneficial in events of hypersensitivity sucttasine atopic dermatitia vitro

and equine recurrent airway obstruction (RA®Yitro andin vivo.

! Raffaele AuriniAcquaviva d'Aragona Claudijdn Dizionario bibliografico della Gente
d'Abruzzevol. 1ll, Teramo, Ars et Labor, 1958, e in nuadizione ampliata, a cura di Fausto
Eugeni, Luigi Ponziani, Marcello Sgattoni, ColledaAndromeda editrice, 2002, vol. 1ll, pp.55-62
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1.2  Why nanotechnology for drug delivery?

The development of delivery devices featuring higbcuracy, safety and
efficiency remains a main challenge towards dikctdrug delivery.

Nanotechnology has been a key driving factor in st decades’ publication
activity started by Speiser and coworkers (Marty abt 1978). Altogether,
nanoparticles — generally defined as a colloidatesy featuring solid particles
sized 1- 1000 nm (Kreuter 1983) — emerged as aémtckey term in publications
to include patents (Fig. 1a).
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Fig. 1a Amount of peer-reviewed publications on nanopatiain general per
indicated year.

They cover all fields of material science relatedengineering, physics and
medicine. Within the term “nanoparticles”, the tpirug delivery accounted for
up to 1.5% of the combined search hits “nanopaftiaend “drug delivery” in
2008 as per CAS'’s SciFinder database of bibliogcaifiormation (Fig. 1b). The
still strengthening scientific output can be folkdv by these numbers of
publications. In parallel, the number of publishedticles on the term

nanomedicine increased clearly resulting from thres@erable drug-delivery
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Fig. 1b: Amount of peer-reviewed publications on nanopaetiah drug delivery
per indicated year.

aspect of nanotechnology (Fig. 1c). As a sub disgp nanomedicine emerged
combining fields of medicine, pharmaceutical tedbgg, chemical analytics and
material science. This shall enable the creation aofpotent market for
nanotechnology-enabled drug delivery which is prgé to reach $26 billion by
2012 with high two-digit annual growth rafes

According to the European Science Foundation’s Weod Look on
Nanomedicine”, Nanomedicine is characterized agni@pg on complex systems
in nanometer scale consisting of at least two camapts. One component is the
active pharmaceutical part and the other is reladeslipport or boost the special
function in diagnosing, treating or preventing gedise, injury or pain (Duncan
2000; Duncan et al. 2006; Duncan 2006; Lehr 2007).

Within nanomedicine, the drug delivery sector dcoates with 70% of total sales,
76% of issued scientific publications and 59% oarged patents (Gurusamy
2007).

2 http://www.marketresearch.com/product/display. psp@uctid=1692509&SID=30048100-
474535314-495102710&kw=Nanoparticle%09Drug%09Dei¥e09Markets, 20-Apr-10



4 Gendraroduction

So why is nanotechnology in drug delivery a worthievloption? Traditional
small molecule drugs (SMD) are frequently formutaés a solid dosage form and
administered orally. However, the new driving faroe.g. in cancer and anti-
autoimmune diseases therapies belong to the baalsgifield which is in most
cases subjected to non-oral administration. Bialalgi are mostly protein
therapeutics like antibodies, vaccines or cell ghowactors which as a group
constitute the most rapidly increasing categorfedrags accounting for 10.9% of
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Fig. 1c: Amount of peer-reviewed publications on nanomedi@er indicated
year.

global therapeutics’ growth in the past five ye@fang et al. 2009). Moreover,
according to the “Autoimmune Market Forecast to28all over biological sales
are projected to hit $55 billion by 2014. Furthezvelopments look at the
introduction of more therapeutic proteins, peptiggdasmids or oligonucleotides
as drug substances that require a multitude ofigpérmulations (Allen and
Cullis 2004; Solaro et al. 2010). This demand foitable carrier systems will
significantly increase to eventually enable drugsbe reasonably employed
clinically. Additionally, packing existent SMDs mhanocarriers was investigated

as an attractive method to improve their bioconiléi, bioavailability and

® http://biotechconnection.com/p=3, 20-Apr-10
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safety (Debbage 2009) and therefore improve theapleaitic index of already
introduced drugs (Allen and Cullis 2004). This igedo the fact that increasing
SMD dosage translates into higher possible toXecés once the drug encounters
normal cells in contrast to the target. Especifiilypotent anticancer agents, this
issue gets more and more addressed. These ide@rgashould prevent the
eventually sensitive drug from early enzymatic éi-gssociated degradation,
prolong half life, reduce dosing and consequendgdl to less side effects
(Torchilin 2007). Moreover, such devices are inthtb deliver the drug payload
exclusively to the site of disease which is reférnere to as “targeting” coming
close to Paul Ehrlich’s magic bullets (Debbage 20@3pecially in the field of
DNA-based and small interference RNA (siRNA)-bafextapeutic attempts such
as gene therapy, viral vectors were considereddit@ targeting shell (Reischl
and Zimmer 2009). However, fundamental problemsateel to toxicity,
immunogenicity and large-scale production justified development of non-viral
vectors in the nanometer range with individual peser active targeting abilities
(Mintzer and Simanek 2009).

To enable these tasks, multifunctional nanopaditiat carry the therapeutic or
imaging payload and possess biological surface fimosli such as targeting
moieties or simply polyethyleneglycole (PEG) forspacific targeting have been
proposed. The latter is attributed to the conclkpat hydrophilization of particle
surfaces (Storm 1995, (Brannon-Peppas et al. 2@3Tits in longer circulation
times after i.v. administration hence increasing thance to find the target. This
is decisive as a failure of the drug in reachingttirget constitutes a failure of the
whole therapy (Debbage 2009).
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2. Overview on starting materials and production methals

2.1 Established non-proteineous starting materials

Nanoparticulate systems such as solid spheres]lanieenulsions and liposomes
relied on a variety of starting materials. For themer, several biocompatible and
partly biodegradable macromolecules obtained attienConventional synthetic
macromolecules were among the first used and ceegbrias prototypes
poly(lactid acid) (PLA), poly(lactic-coglycolic at) (PLGA) (Park et al. 2009)
and poly(cyano acrylate) (Diepold et al. 1989).tiealarly the latter was early
investigated for drug loading and intracellular esmimal localization (Couvreur
et al. 1979). Furthermore, polyelectrolytes suclpalg(ethylenimine) PEI-based
polyplexes demonstrated their non-viral gene dejiymtential (Gharwan et al.
2003) while related toxicological issues were adsled (Zintchenko et al. 2008).
Other coated nanoparticles based on cationic patgsl exhibited tunable tissue
targeting for specific gene delivery (Harris et &010). Among the
polysaccharides, chitosan was investigated as tabdei nanoparticle basic
material to carry proteins (Amidi et al. 2006), atyixic agents (Janes et al. 2001)
or DNA-based drugs (Bernkop-Schnuerch et al. 2006¢tal nanoparticles
constitute another class as inert but not biodedredcarriers e.g. for anti-cancer
drug delivery (Brown et al. 2010) or magnetic tdirgg or imaging (Smith et al.
2010). Lipids are mostly employed for gene delivasylipoplexes (Koh et al.
2010) but also as solid-lipid nanoparticles for elge parenteral applications
(Joshi and Mueller 2009).

2.2  Proteins as constitutive material for nanopatrticles

A main advantage of proteins compared to synth@lymer-based systems is
their frequent compatibility with biologic systemsand their general

biodegradability (Wang and Uludag 2008). Furthemmdiy their nature they offer
a multitude of moieties accessible to modificatitmsailor drug-binding, imaging

or targeting entities. Safety concerns may arigenfrfolding pattern-derived

immunogenicity or from contamination with transniis diseases. The latter can
be ruled out by a careful choice of source suchmatsral material that went
through intensive processing under aseptic comditir the use of recombinant

material.
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2.2.1 Albumin

The blood transporter protein human serum albuBA) probably is one of the
most recognized and intensively investigated pnetaus starting materials, today
from recombinant offspring. Beyond research andetigpment, two HSA-based
products successfully entered the market, AbraXaaed AlbuneX' (Wang and
Uludag 2008). However, they both do not constituteanoparticulate formulation
which is defined as a colloidal system of solidcdie and continuously shaped
integrative particles in the lower nanometer rangiaunex provides clinical
benefits and was on the market already since 18sywdhout implications of
immunogenicity (Christiansen et al. 1994).

It is an ultrasound contrast agent consisting dflawvly diffusing gas C3F6
encapsulated by an elastic HSA shell (Postema ahcthi®& 2007). Therefore, it
constitutes a well studied microbubble formulat{tacDonald et al. 2004) with
an average “particle” size of 3 — 5 um (Barnharaletl990). Recent promising
development strategies of mircobubbles comprised) dargeting such as for
doxorubicin for antitumor therapy (Tinkov et al.12) or the prospect of local
gene therapy (Frenkel and Li 2006).

Abranxane is a self-assembling nanoagglomerateo(Xiaal. 2009) of HSA and
paclitaxel produced by high-pressure homogenizgfidboreno-Aspitia and Perez
2005). Resulting sizes account for about 130 nmgidally designed as a
biocompatible formulation without irritating polystlated castor oil and
polysorbate against metastatic breast cancer (&radet al. 2005; Harries et al.
2005), it was meanwhile preclinically evaluated father anti-cancer
employments (Xiao et al. 2009).

As starting material for colloidal nanoparticlesSM served in severah vitro
(Kissel and Roser 1991) amadl vivo studies such as to antibody-mediated target
leukemic cells and primary T-lymphocytes (Dinaueale2005) or to be delivered
to neurons by Apo E mediated transcytosis (Zensalet2009), respectively.
Although albumin is not immunogenic per se, craskdd particles can enhance
the immunogenicity of antigens loaded onto thesgtdraacting particles. For
instance, anti-ibuprofen antibodies are gained Wyurain particle-bound
ibuprofen to develop ELISAs (Grafe and Hoffmann @00
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2.2.2 Legumine, gliadine, elastinlike polypeptidep-galactoglobulin, silk

Other proteins used for nanoparticle production ewptant-derived such as
legumin and gliadin (Wang and Uludag 2008). Theetats a lipophilic protein
with a low aqueous solubility. When preparing naartiples from this starting
material, loading capacities do largely dependhenhtydrophobicity of the agent
such as vitamin E (Duclairoir et al. 2003). Moreidsés were conducted on
protamine which -as a cationic protein- exhibitegpabilities for promising
immunostimulatory DNA or basic fibroblast growthctar (FGF2) transport
(Mori et al. 2010). Moreover, it exhibited size-tog properties when employed
in the form of different salts in HSA nanopartigheoduction (Mayer et al. 2005).
Particles of tunable size were also produced frematured whey protein by pH-
cycling treatment (Giroux et al. 2010). As an eonment-responsive basic
proteineous material, elastinlike polypeptide (EMAs examined (Fujita et al.
2009). Its special feature is the reversible respoto thermal change which
exhibits a soluble state below and a solid statevalthe transition temperature
(Maham et al. 2009). In the latter state, stickiondarget tissues is possible. The
substance is biodegradable and proofed tumor adatiomin anin vivo model
(Liu et al. 2006). It holds promises to carry lylic drugs but attention must be
paid to the critical temperature at which the péet start to form aggregataes
vivo (Fujita et al. 2009).

Globular proteins were used to associate with anipolysaccharides to form
particulate structures in the nanometer scale tenpal delivery devices (Jones et
al. 2010). Thereforep-galactoglobulin was thermally treated for confotio
changes, pH-adjusted and mixed with a pectin soiuto form particles of
discrete size properties.

A rather new starting material of natural origirsikk protein (Zhang et al. 2007).
Delivery of DNA was successfully reported for gerensferin vitro (Numata et
al. 2009). Furthermore, formulation studies reveatgeresting results such as a
sustained release and enhanced insulin stabilignvthe covalently silk protein-
bound insulin was challenged with gastric trypgfurfdu et al. 2010). Others
reported successful sustained release of VEGF (dtaal. 2009). However,
advanced employment of this subtype of protein panales is not at hand at
present although successful robust salting-out yrtioh method was reported

recently (Lammel et al. 2010).
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2.2.3 Gelatin

Ongoing research interest was conceded to gelagn the last years (Young et
al. 2005b) for several reasons. Gelatin is a nepolymer derived from collagen
recognized as a biodegradable and biocompatibfengtanaterial being in use as
plasma expander for decades (Ward et al. 19771@ .né@kural source of gelatin is
from animals. It is obtained mainly by acidic okallne, but also thermal or
enzymatic degradation of the collagen. Collagem&B80% of all vertebrate body
protein with a majority in bone and skin. More th@@%6 of the extra cellular
protein in the tendon and bone and more than 5@%eiprin the skin consist of
collagen (Friess 1998). The high stability basethenunique triple-helix structure
consisting of three polypeptide-chains. So far 27 collagen types have been
isolated so far (Brinckmann et al. 2005), howewetlagen type | (skin, tendon,
bone), type Il (hyaline vessels) and type IIl asedifor the production of gelatin
only (Babel 1996).

Gelatin type A &cid), which is obtained from porcine skin with acidore-
treatment prior to the extraction process, canisinguished from type Bo@sic),
that is extracted from ossein and cut hide spbimfrbovine origin. Here an
alkaline process, also known as “liming” is appliégnide groups of asparagine
and glutamine are hydrolyzed into carboxyl groupsrd) this process, therefore
many of the residues are converted to aspartatglatmmate (Young et al. 2005;
Tabata and Ikada 1998). As a result, the isoeteptint (IEP) of type B gelatin is
not at pH 9.0 like type A and collagen itself, bl¢ higher number of carboxyl
groups per molecule reduces the IEP to pH 5.0.

While gelatin and the delivery systems based o pleiymer are biocompatible
and biodegradable without toxic degradation progldiabata and lkada 1998;
Kawai et al. 2000; Yamamoto et al. 2001; Ward efl@l'7), they are since a long
time known for high physiological tolerance and lammunogenicity. The
overall beneficial properties of gelatin contritdite its proven record of safety as
food supplement which is also documented by thesdiaation as “Generally
Recognized as Safe” (GRAS) by the US Food and dinistration (FDA).
Moreover, intravenously administered applicatioik® Iplasma expanders (e.g.
Gelafundin™, Gelafusal™) consist of gelatin deniwes. Other uses of gelatin
include sealants for vascular prostheses (Kuijpeed. 2000). Furthermore, due to

its biodegradeability molecular weight is not riesed to 40 kDa for renal
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elimination. Hence, the larger particles build atahle platform for numerous
structural potential modifications on the surfaceiged to the many accessible
functional groups. Lysine provides accessible priamaino groups e.g. for
crosslinking and marker coupling as described i churse.

Nanoparticles prepared by a two step desolvati@mnigue and subsequent
chemical cross-linking (Coester et al. 2000) manad their non-toxic properties
while featuring a higher storage stability tharo8pmal liquid formulations and
good in vivo stability upon administration (Coester et al. 200&lthough no
undesired effects which could be attributed to GM@se observeth vitro orin
Vvivo, two issues are worth being discussed: safethefstarting material gelatin
and secondly safety of the chemical particle ctwdsng by glutaraldehyde. The
unlikelihood of transmittable diseases to endueedbilagen processing steps was
evaluated in the peak-time of the mad cow diseaserule out this matter
completely, gelatin of porcine origin was used imny studies throughout.
Although not reported for this gelatin offspringnmunogenicity is a possible
point to consider with all protein formulations. gk&cing animal-derived gelatin
by recombinant human gelatin did not result in etéht serum chemistry
parameters in humans (Won and Kim 2009). Furtheemaoo overall significant
benefit related tan vitro cell viability is gained when animal-derived gélais
replaced by rHG and glutaraldehyde by genipin (Wam Kim 2009). Other
concerns included the potential reactivity of insneesulting from the
glutaraldehyde cross-linking. However, a chemiaaduction of the imines to
imides did not result in a higher stability of GNB®e IIl.2). Furthermore, a
complete removal of GA by repeated purificatiorepstin the production of GA-
cross-linked GNPs was the most probable reasondortoxicity. Due to many
years of safe experience with glutaraldehyde lothitro andin vivo, at present
additional costs are not justified by the potentadvances. Nevertheless,
promising alternatives to glutaraldehyde to fa&ibt possible human applications
in future are at hand. Recently, we reported slétabocess conditions in which
recombinant transglutaminase effectively crossdthksNPs (Fuchs et al. 2010).
Optimum size and size distributions comparable losé cross-linked by
glutaraldehyde were received and suitable storeg®lisy was proven. While the
possible therapeutic applications are discussest lat detail, it is worth to be

mentioned that the gelatin matrix with diverse niee facilitates the surface
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decoration with targeting functions such as antié®dBalthasar et al. 2005).
Furthermore, GNPs allowed a matrix loading everhwptoteins like insulin
which was evaluated recently (Ofokansi et al. 2010)

2.3 Preparation methods of protein nanoparticles

2.3.1 Coacervation process

Due to relatively mild conditions the coacervatimnequally coined desolvation
process turned out to be the most appropriate seeguént method to prepare
protein-based nanoparticles. In brief, a colloiggstem is created when the
solvent in which the protein was initially dissofves gradually extracted into an
anti-solvent phase. Thereby a phase separatiomexcethich results in a phase of
solid colloid dispersed in a second phase congistinthe anti-solvent and the
initial solvent (Weber et al. 2000). Consequerghlyvent and anti-solvent must be
miscible such as water as solvent and ethanol eiloae as anti-solvent whereof
the latter was often used to produce GNPs by astep desolvation technique
(Coester et al. 2000; Langer et al. 2003). Whikdable size is reached after an
initial process period the further addition of asdilvent leads to increased
particles yield in the course of desolvation (Weéieal. 2000). Furthermore, the
pH value of the protein solution prior to desoleathas an impact on the resulting
particle size and yield due to higher probabilitypootein coacervation at net-zero
surface charge at the isoelectric point. This wiaseoved for particles derived
from gelatin, HSA, BSA and-lactoglobulin (Coester et al. 2000; Ko and
Gunasekaran 2006; Langer et al. 2003) To stabd@®idal nanoparticles by
establishing covalent bonds between prime-gkbups by chemical cross-linkers
such as glutaraldehyde or glyoxal were widely emgdowithout negative side
effects (Weber et al. 2000). As the carcinogenaperties of free glutaraldehyde
is a known issue, methods like high-temperaturesztimking (Chen et al. 1994)
or macromolecular cross-linking (Lin et al. 1994¢rev discussed but imply the
risk of harming possible drug load. Therefore, werently investigate the
possibility of enzymatic cross-linking of proteiamoparticles.
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2.3.2 Solvent extraction or emulsion process

Adopting the emulsification and solvent extractiomethods from synthetic
polymer-based nanoparticle production to protesa atarting material, the latter
needs to be present in solution in an aqueous miBfeadding an anti-solvent, a
W/O emulsion is prepared from which nanopartickesraceived after solvent and
anti-solvent removal. A double emulsion technigweolving W/O/W emulsions
allows encapsulation of proteins and hydrophiliagd (Sussman et al. 2007). In
general, the method lacks from relatively largeipkr sizes which were reported
between 100 - 800 nm for BSA nanoparticles depgndmprotein concentration
and solvent to non-solvent ratio (Mishra et al. @0@0n the other hand, high

encapsulation rates were achieved (Chawla and 20@R).

2.3.3 Salt precipitation

The salting out method proteins was describedferdlAS as a simple method to
gain protein aggregates and eventually nanopast{€eester 2000). Proteins with
therapeutic properties can be transferred into pamicles without the need of
further particulate auxiliary particles. Therefotieg protein gets cross-linked with
multivalent ions (Yang et al. 2009).

However, this method retains the risk of changedadtivity and lost
conformation which is more an issue when therapgubteins are involved like
insulin (Fan et al. 2006) compared to proteins wsthlely carrier functions
(Coester et al. 2000). Reported higher heterogemeiparticle sizes makes this
method inferior to above described (Wang and UILzRQB).
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3. The administration route

3.1 Intravenous application

Intravenous injection is the standard form of aggilon for all delicate
formulations that are intended to be bioavailablenediately and distribute to an
otherwise difficult to reach pathologic part of thedy.

Several obstacles exist that nanoparticles encoumee administered into the
blood stream that a soluble SMD in comparison agpees to a lower degree.
The tasks can be abbreviated to four steps: thpailed navigation through the
blood stream, the evasion of biological barriefise tsite- or cell specific
localization and finally the exclusive targetingtbe biological pathway to treat
the pathological condition the whole system was endor (Ferrari 2008).
Intravascular application is immediately followed fuick dissemination as one
pass in human circulation accounts for about 15rs#s. The chance that a drug
reaches the target “en bloc” is thereby almostdralet. SMDs can easier diffuse
through membranes or around barriers while nanigpest more easily get
trapped. Furthermore, they have to escape the femgul of the
reticuloendothelian system (RES) also more recdaitywn as the mononuclear
phagocyte system (MPS) (Vonarbourg et al. 2006is iftstallation lowers blood
concentrations even of anticipatory engineered parncles to 5-10% after 8
hours compared to the initial dose (Gaur et al.02Ghd consequently lead to
liver, spleen and lung accumulation (Ferrari 20083 Gylation still is one of the
major techniques said to counter fight early phatmsis and prolong free
circulation of nanoparticles (Gref et al. 2000; ¥doourg et al. 2006). PEG was
identified to lower opsonization by shielding etecPEGylation mechanisms
have been studied in detail to include the desimiglghrocess once the carrier
reached the pathological site (Romberg et al. 2008)994, the first PEGylated
protein therapeutic entered the market to be adtnated systemically in contrast
to SMANCS's local application. Oncaspar® (PEGylatedparaginase) was used
to treat acute lymphoblastic leukaemia (ALL). (Rges and Abuchowski 1990) It
appeared to cause significantly less hypersensitreiactions and showed more
than fifteen fold higher blood residence times. Téwmncept of nanoparticle
PEGylation is later discussed in detail in chaptet.
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Once the nanocarriers survived the MPS infringes)ethiey have to evade the
vessel via the endothelial cell barrier to incluthe subepithelial basement
membrane, transverse the extra-cellular matrix antér the target cell. The
details of nanoaparticles’ opportunities to entdiscs discussed comprehensively
elsewhere (Hillaireau and Couvreur 2009). As mosticeptor mediated
endocytosis occurs here, the nanoparticles gegpechm the endosomal-lysosomal
intracellular compartment and are separated fracitosol. As long as the target
is not within the endosome, which is discussedr ldte toll-like-receptor
targeting, endosomal escape is needed without amagde to the carried drug
payload. Strategies included pH associated endddmmst or the introduction of
specific molecules like melittin (Meyer et al. 2007The accessibility varies
largely between single organs or just tissues. &Vtiie hepatocytes in the post-
vascular space are immediately accessible, strangets towards the testis and
the central nerve system are effectively protectiizebbage 2009). The
permeation of the latter, the blood brain barriBBB) is a promising but
challenging chapter of nanoparticulate targetingiterown (Zensi et al. 2009).
Especially here, newly developed large moleculasiiike recombinant proteins
depend on a carrier to get selective access tbrdie. Gelatin and albumin-based
nanocarriers demonstrated their capabilities whengomodified by polysorbate-
80 or apolipoprotein E (apoE) (Barbu et al. 200®)lysorbate-80 increased the
apoE concentration adsorbed to the nanoparticlefacr which could
subsequently make use of the LDL-receptor mediatedocytotic pathway to
enter brain endothelial cells (Wong 2010). Direstigling of apoE onto protein
nanoparticle surface omitted the polysorbate-8& kamd resulted in at least
comparable therapeutic effects when a drug waweteli in a murinen vivo
model (Michaelis et al. 2006). Others used surtam@ad transferring to facilitate
PEGylated albumin nanoparticles to target a drugstsunce to the brain (Mishra
et al. 2006).

On the other hand, pathologic conditions can edse accessibility for

nanoparticles. For example, inflammation increasascular permeability and
thus endothelial barrier functions are reduced. Most prominent example was
observed in tumors, where non-proliferating and-femestrated blood vessels

with intact barrier properties get transformed iptoliferating vessels featuring
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fenestrated endothelium and thus reduced barr@epties (Roberts and Palade
1997). As fenestration can reach 200 — 600 nm degssition of nanoparticles is
facilitated. Additionally, reduced lymphatic drage allows accumulation of
entered material (Sharma and Sharma 2008) whicéttieg led to coining the
phenomenon enhanced permeability and retentiorctefl®R) (Matsumura and
Maeda 1986). Yet, this effect is in concurrencehwite still in place obstacles
mentioned above.

Examples that successfully included this mechanisere long-circulating
PEGylated liposomes (Torchilin 2005; Torchilin 2007

However, if the target is within the MPS, an i.ppécation is indicated. Recently,
GNPs were shown to selectively deliver NB-inhibiting decoy oligonucleotides
to liver resident macrophages (Kuppfer cells) aftdministration via the portal
vain in male Sprangue-Dawley rats (Hoffmann 200@ffidann et al. 2009).
Within the Kupffer cells the intracellular targegimf the GNPs to the endosome
could be proven by selective fluorescent stainihghe carrier, the payload and
the cellular compartment and subsequent CLSM aisalyZillies 2007).
Consequently, NF-kappaB activation was inhibitedciiresulted in an reduced
liver injury in experimental fulminant hepatitis tbbaonversely increased in an

ischemia-reperfusion model (Hoffmann et al. 2009).

Besides the currently all absorbing delivery roke @ passive drug carrier,
nanoparticles might act as nanomedicine themsdglergari 2008). Therefore,
shape and size depending distribution and seltityxare detrimental (Decuzzi
and Ferrari 2007). Consequently, nanoparticles hwhie toxic due to their basic
material and which specifically address target scetlould be used as
chemotherapeutic. Size is a major determinantifoulation and specific cellular
uptake properties but also shape is influentiaskBike or hemispherical particles
evade phagocytosis better than spherical ones @ndhare likely to adhere to
endothelium (Geng et al. 2007). These propertieghincontribute to future

cancer therapeutics acting by the virtue of outemfafter i.v. administration.
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3.2  Subcutaneous application

In contrast to the i.v. route, subcutaneous adnnatisn offers the feature of no
rapid dissemination of the injected nanocarrierghlitage 2009). Therefore, a
depot effect can be achieved and the MPS is ndmamediate threat. On the
contrary, this route is just of advantage, if tigstem is known to be capable to
the target this way. For example, targeting drgidymph nodes is by far easier
than i.v. because a slow interstitial flow of 0.J4in $' sweeps s.c. injected
material towards the lymphatic capillaries in mds&sues (Swartz 2001).
Furthermore, the route of injection can have aiafunfluence on the release of
immunogenic and inflammatory cytokines. An illusitra example constitutes the
use of CpG-oligonucleotides (CpG-ODNS) which seageimmunostimulatory
adjuvants by addressing endosome-based Toll-Likeefters 9 (TLR9) in
antigen presenting cells with promising applicasiom cancer and allergy therapy
(Krieg 2006). Intravenous injection of CpG-ODN abuksult in general immune
stimulation with side effects such as spleen cBifi0On the contrary, s.c.
administered GNP-bound CpG-ODN was not distribiggstemically due to the
locally restricted distribution and remained at thge of injection where
phagocytosis by APCs occurred. As the latter nbégiéo the nearest lymph nod,
a local yet potent immunization against an emplogeatlel antigen could be
achieved by the CpG-ODN adjuvant there withoutrible of systemic side effects
such as a septic shock or immune responses agaesarrier material gelatin.
(Bourquin et al. 2008; Zwiorek 2006).

A heavily investigated field of new drugs that regd advanced drug delivery
systems is nucleotide-based therapeutics (Padil 005). A thought significant
advantage of this class of therapeutics is thaierdgned specific way of action
once the target is related to a certain diseasategtes include gene transfer, gene
silencing or antisense therapy and selective imrstimalation. Gene silencing
by siRNA for cancer therapy initiated a researchcade on suitable delivery
strategies mostly administered locally (Ozpolataét 2009). The latter was
boosted by the understanding of CPG-ODNs (Krieg620@itch are mostly
administered subcutaneously. The same route iscapf# to plasmid-based TLR
agonists delivered by cationic liposomes (Dow 2008wever, due to some
clinical drawbacks, promising trials on Dynavax fp&ncesco 2008) and other

anti-cancer ODN-based drugs (Schmidt 2007) lowdhnedspeed towards market
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approval by the regulatory bodies significantly. vieigheless, encouraging
information still comes from ongoing clinical trsabn allergy to involve CpG-
ODNSs formulated with VLP drug delivery nanosystei@enti et al. 2009).

The related importance of the immunomodulation bPN3 by impacting
cytokine release profiles is stressed by the taat this year’'s Paul Ehrlich prize
was awarded to Charles Dinarello for his pioneemak on cytokines which
holds great potential to further improve treatm&n@ther groups focused on
ODN and isRNA-based nucleosides as adjuvants daglibg GNPs to trigger
controlled immune responses to model antigens sctOvalbuminen vivo.
Thereby, pre-immunized mice received model-antigepressing tumors which
were significantly reduced in size the course @@ BNP-bound CpG therapy
which led to longer survival rates, too (Bourquirak 2008; Zwiorek et al. 2008).
The challenge of curing existent tumors in micehaitt any pretreatment is
currently met which should reflect clinical theragie conditions in a more real

manner.

3.3  Pulmonal application

The inhalative route constitutes a very attractternative to deliver APl by
nanoparticles both locally and systemically. Diréatgeting of the therapeutic
area of interest enables a reduction in adminidtdrag amount compared to e.g.
the oral or i.v. route (Vaughn et al. 2006) leadingeduced systemic side effects
(Keller 1999). Investigated non-pressurized appbeasystems cover dry powder
inhalers (DPIs), pneumatic jet inhalers, ultrasomethulizers and most recently
vibrating mesh (VM) devices (Waldrep and Dhand 20@nployed examples
were polyacrylate nanoparticle-bound Salbutamdiasell(Hadinotoet al. 2007),
PLGA (Beck-Broichsitter et al. 2010) and ChitosaR-Nound Insulin (Grenhet
al. 2005). However, pure nanoparticle formulationsncarbe delivered that way
due to too small particle size (< 1um) and resgltow lung deposition and likely
exhalation (Sunget al. 2007). Therefore, excipients like micronized |aetare
needed (Finlagt al. 2005). Hence, GNP aerosols were successfully flated as

DPI after spray drying loaded with a placebo draggmet al. 2004).

*http://www.ucdenver.edu/about/newsroom/newsrelg¢Bages/Dinarello%E2%80%99s%E2%80
%9Cfevermolecule%E2%80%9DbreakthroughsearnEhrlizeRispx
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However, initial interest in the nanoparticle-pulmab research focused on
nanotoxicology as concerns arose on carcinogen epiep of industrial

combustive dusts. Furthermore, toxic properties cafbon nanotubes were
intensively investigated in this context (Warhel@02). Nevertheless, protein
nanoparticles have to be considered less a toxgmab issue due to

biocompatibility and -especially- biodegradabilifgesides branched polymers,
GNPs were of considerable interest (Tseng et &7R0'seng et al introduced jet-
nebulized cisplatin loaded nanoparticiess/ivo (Tseng et al. 2009). Chapter VI.4
of this thesis further examined the possibilities rtebulize GNPs either via
pressurized metered dose inhalers or vibrating nfeédh) devices. It could be

clarified that VM devices are more suitable in tirega GNP vapor to reach the
deep airways and to deliver intact ODNSs in ordgoedorm local immunotherapy
(Fuchs 2010). Based on these results, we moveudtrnduce the systerm vivo

for the first time in a veterinarian clinical study

3.4  Oral application

The oral administration of protein-based nanoplagicemains challenging due to
the proteolytic and acidic environment the formiolathas to pass. Nevertheless,
the route constitutes a worthy access due to tee ehapplication and the non-
requirement of specific application devices. Deing delicate drugs by
protective nanoparticles is an obvious aim. Insulis the presently most
frequently parentally used drug substance conseéigusra promising candidate.
Ofokansi et al succeeded in developing a gelatgethaslow release formulation
capable of surviving the harsh stomach conditions received for this work the
“CRS consumer and diversified products paper awa@J8, New York City,
USA.

Also attempts to explore the possibilities of mwatasnmunization via the oral
route were conducted (Chadwick et al. 2010; Chaklwtcal. 2010). Ovalbumine
as a carrier protein for CpG-ODNs induced a Thlapoéd immune response
with resulted in typical IFN- release and elevated IgG2a titers (Alignani et al.
2005).

To eliminate the risk of proteolytic degradationpobtein-based carriers, they can
further encapsulated in a protective resistant |.sHEhese nanoparticle-in-

microsphere oral systems (NiMOS) consisted of optdy(epsilon-caprolactone)
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microspheres of 8 — 30 um which included 80 — 3®0GNPs that were eligible
for plasmid delivery (Chadwick et al. 2010; Bhavsard Amiji 2007). Local
transfection therapy was for instance proofed aganflammatory bowl disease

in a murinein vivo model (Bhavsar and Amiji 2008).
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I Formulation development of plain Gelatin Nanopartides

1. Upscaling the established GNP production method

1.1 Rationale of the upscaling process

Upscaling is a common challenge in the biopharmiazadudevelopment and
production (Cacciuttolo and Arunakumari 2006). Mations to engage this
challenge include an effective decrease in unitscas well as to satisfy a higher
product demand e.g. if a product promotes from iain to commercial
manufacturing. Moreover, the prospect of fewer ateons if the demand for one
project is satisfied out of a large batch instebdeveral small ones often appears
convincing. However, frequent challenges to overea@re the possible alteration
of the product by changes in employed materialsfgsas), instruments (sheer
forces), excipients (buffers, organic solvents) aleéning strategies (Cacciuttolo
and Arunakumari 2006). These considerations shbeldchore and more applied

on the still emerging field of targeted drug detivdevices.

The first GNP preparation methods lacked robustnesseproducibility and
homogeneity of the produced particles (Oppenhein81l9 Gelatin as a
biopolymer featured not only appealing propertige biocompatibility and low
price but also a very high heterogeneity in terfnsolecular weight distribution.
Therefore, manufacturing of gelatin drug carriesteyns of sufficient quality were
not at hand until the two step desolvation techaigas developed by Coestdr
al. Therein, a higher molecular weight fraction watrcut-off of roughly 65 kDa
(Zwiorek 2006) was separated from a lower one duanfirst step, before the
particles were formed in a second desolvation stdps protocol offered the
possibility to produce homogeneous colloidal galapheres which can easily be
surface modified due to their variety of functiongdoups according to the
different amino acids (Coester et al. 2000). Furtizee, this method allowed the
employment of commercially available gelatin insted special batches with a
narrow MW distribution (Zwiorek 2006).

This advanced preparation method was establishedafarelatively small
laboratory scale employing an initial mass of 1g2&f gelatin per batch. In order

to enlarge this process and the resulting partypédd, a series of upscaling
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experiments up to ten-fold batch size was initiaiaksed on the standard process
parameters, the influence of various laboratoryigants was investigated and
preliminary GNP stability tests were run. Furtherejaan evaporation step was
introduced to cope with the large organic solvealumes resulting from the
upscaled desolvation process. Moreover, the amaiuttxic glutaraldehyde that
is finally used to crosslink the nanopatrticles Wwafed and the impact on particle
integrity was examined. Finally, it was evaluateldether statistical correlations
between the most important production parameteistezk and a reciprocal
interdependent network was established to makegons for further upscaling
plans. As delivering nucleic acid-based therapsiwgimerged as the driving factor
for GNP employment, the related cationization as gnime particle surface
modification deserved special attention. Therefdhe feasibility to cationize

GNPs from upscaled batches was tracked likewise.

1.2 Materials and methods

1.2.1 Standard preparation of gelatin nanoparticles via o step desolvation
technique
GNPs were prepared according to the original pegmar method by dissolving
1.25 g of gelatin type A (Bloom 175, Sigma, Tautkien, Germany) in 23.75 g of
0.2 um filtered (Acrodisc, Pall, Dreieich, Germaryyh purified water (HPW)
under gentle heating to 50 °C. Constant stirrB@d(rpm) was maintained during
the whole preparation procedure. A first desolvatgtep was initiated by the
addition of 25 ml of acetone. After sedimentatiointlee precipitated gelatin
fractions for about 20 s, the supernatant congjsbh dispersed as well as
dissolved gelatin was discarded. Then, the sedinvastweighed and redissolved
by the addition of 0.2 pum filtered HPW up to 25.@rgder heating to 50 °C. The
pH (pH Meter MP 220, Mettler Toledo, Greifensee,it3grland) was further
adjusted to 2.5 with 2 M HCI. GNPs were formed situ during a second
desolvation step by drop wise addition of aboutr®®f acetone (3-5 ml/min) by
a burette. After ten minutes, 175 ul of glutaralgh (25 %) were added to the
reaction vessel, an Erlenmeyer flask, to crosditgknanoparticles. Finally, after
overnight stirring in an extractor hood, the paescwere purified by two-fold

centrifugation (19000 g for 18 min; Sigma Laborzéngen, Osterode,
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Germany), redispersion in 0.2 um filtered HPW aitication through a 5 um 0.2
um filtered HPW rinsed filter (VWR, Fontenay sousi€ France). The purified
nanoparticles were stored as dispersion in HPW°&t 8

1.2.2 Scale-up of the gelatin nanopatrticle standard prepation method

In order to scale up the GNP standard preparatiethoal, the batch size was first
doubled. Consequently, 2.50 g of gelatin type Ao(®h 175) were dissolved in
47.50 g of 0.2 um filtered HPW. Accordingly, thelwme of acetone added for
the first desolvation step, the mass of HPW addegdissolve the sediment and
the amount of glutaraldehyde finally added to dinksthe nanoparticles were
duplicated whereas temperature, stirring speed, gpded of acetone addition,
centrifugation speed and centrifugation time wedepéed from the standard
preparation protocol. The sedimentation time amdvitiume of acetone added for
the second desolvation step were each adaptee toatich size by visual judging
of sediment formation and grade of turbidity, redpely. Turbidity was

additionally measured by a nephelometer (Nephla,LBnge, Berlin, Germany).

In further experiments the batch size was incretisee-, five- and ten-fold.

1.2.3 Modifications of the upscaled gelatin nanoparticle preparation

method: Equipment changes.

The glass burette (Brand, Wertheim, Germany) usedhie addition of acetone
during the second desolvation step (see 1.2.1.)fwsgeplaced by a peristaltic
pump (4.9 ml/min; Sotax, Basel, Switzerland) empigyacetone-proofed flexible
tubes (Ismatec, Wertheim, Germany). Further, trevipusly used Erlenmeyer

flask was replaced by a round bottom flask of aegadte volume.

For batch sizes greater or equal than three-folevaporation step was introduced
to exclude residual acetone. Therefore, the noifigdir GNP dispersion was
transferred into a round bottom flask (1 I) andtase was removed by a rotary
evaporator (Heidolph Instruments, Schwabach, Geyinah a temperature of
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40°C under low vacuum. The particles were thenfiedrias described in the
standard preparation protocol.

Moreover, the amount of glutaraldehyde (25 % V/s€jlded after the second
desolvation step to crosslink the nanoparticles halved and the stability of the

resulting particles was monitored.

1.2.4 Characterization of gelatin nanoparticles

1.2.4.1  Determination of concentration

About 20 pl of the agueous GNP dispersion were gidpn a little aluminum
vessel. That way, three samples were prepared. Weey then dried in a drying
chamber heated to 60 °C until their masses reaahmshstant level. In order to
calculate the concentration of the dispersion (mitimg aluminum vessels had to
be weighed in empty, full and completely dried wsa{microbalance, Mettler

Toledo, Greifensee, Switzerland).

1.2.4.2 Determination of particle size

An expendable cuvette was twice rinsed with 0.2fjlitered HPW, before it was
filled up to a height of about 1 cm with 0.2 punmedred HPW again. Then, 15 pl of
the aqueous GNP dispersion were added and mixedicl®asize and
polydispersity index (PDI) were finally measuredtiwia Zetasizer Nano ZS
employing photon correlation spectroscopy (PCS; velad Instruments,
Worcestershire, United Kingdom). Each indicatedigalvas the mean of at least

15 subruns.

1.2.4.3 Determination of zeta potential

A zeta cuvette comprising two electrodes was omtged with 0.2 um filtered
HPW, before 65 pul of the aqueous GNP dispersiom 2s2.) were filled in. Then,
650 ul of phosphate buffered saline (PBS) or 10 MMCI were added. Zeta
potential was finally measured with a Zetasizer N&$ at a measuring voltage
of 40 mV employing the standard Smoluchowski moHakth indicated value was
the mean of 50 subruns.
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1.2.5 Cationization of upscaled GNPs

First, standard conditions as established for sirsite batches (Zwiorek et al.
2008) were applied on a threefold up-scaled baichdlude a reaction volume of
20 ml at room temperature with an incubation tirh8@®@ minutes and an
effective concentration of 0.50 mg of each catiatian reagent (Cholamin and
EDC) In parallel, the pH value was adjusted to galof 3.5, 4.0, 4.25, 4.5, 4.75,
5.0 and 5.5 for samples subjected to the above iomeat conditions.
Furthermore, reaction volume was adjusted to adjim starting GNP
concentration (1.0 and 2.0 mg/ml) and cationizatieagent concentrations (1.0,
2.0 and 3.0 mg/ml for cholamin and 1.1, 2.2 andr8g2ml for EDC). Monitored
guality parameters included visible particles, GdlEe and size distribution as
well as the zeta potential.

1.3 Results and discussion

1.3.1 Effects of equipment changes

First, the influence of equipment changes on GN&pgrties were determined.
Therefore, GNPs in one- to three-fold batch sizesewprepared employing an
Erlenmeyer flask and burette, Erlenmeyer flask pedstaltic pump and finally
round bottom flask and peristaltic pump as comlanatof laboratory equipment.
GNPs that were manufactured that way were examined®CS to determine
particle size and PDI. Further, drying loss expenis were run to determine the

concentration of the GNP dispersion and the pariield, respectively.

1.3.1.1 Effects on particle size and polydispersity index

In general, particle size is an important paraméberthe characterization of
nanoparticles, especially when they are intendedclioical use e.g. in cancer
applications. In this case, particle size shoukfgrably not exceed a target value
of 200 nm when administrated i.v. to benefit frdme £nhanced permeability and
retention effect (EPR) which is characteristic famor vasculature (Torchilin
2007). Larger particles also increase the risk forombosis and should
consequently be avoided. However, for s.c. delivpayrticles up to 350 nm can

be suitable when a local presentation of druglgaddended (Zwiorek 2006).
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Fig. 1 displays the particle size resulting frorma thifferent employed preparation
methods that were each used for one-, two- ané-old batch size. Fortunately,
all the manufactured particles do not exceed acfi200 nm.

The columns on the left side (Erlenmeyer flaskelte) indicate that an upscaling
of the standard preparation method is generallysipties Although the particle
size increases with the batch size, the GNPs sedme ©f high quality. So, the
PDI values of two- and three-fold batch size avera®030 and 0.027,
respectively whereas the one of the standard bsireh averages 0.096. Values
below 0.1-0.15 can be regarded as strong indicattonmonomodal particle
distribution (Pishvaei et al. 2006).
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Fig. 1. Particle size resulting from three different GNPeparation
methods, each employed for one-, two- and threkkatch size. Each data
point displays the mean of three single batches8(r=S.D., altogether nine
individual measurements).

In order to semi automate the GNP production pmcee burette was replaced
by a peristaltic pump. That way, the speed of awetaddition was exactly
adjusted to 4.9 ml/min and maintained during th@llsecond desolvation step.
As a consequence, slightly smaller particle sizenddrd deviations of the
upscaled batches than by using the burette weerdis as it can be see columns

in the middle). Furthermore, the related mean Palues are still in a range
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indicating high GNP quality. Once again, the p#etgize increases with the batch
size. Although this seems to be characteristic thar scale-up in Erlenmeyer
flasks, we could confute this hypothesis in furtegperiments including five- and
ten-fold batch sizes.

Finally, the Erlenmeyer flask was replaced by antbbhottom flask of an adequate
volume. So, we could further improve the partialeesstandard deviations (see
columns on the right side) while the mean Pdl valtemained nearly constant.
Nevertheless, the production of nanoparticles undobottom flasks is not as easy
to handle as in Erlenmeyer flasks during the dedma process as they need
additional fixation for safe positioning. On théhet hand, employment of round
bottom flasks allows the removal of organic solgentithout the need of
intermediate vessel change.

Summarizing, each investigated method is apprapriat an upscaling of the

GNP standard preparation method and leads to |esro€ high quality.

1.3.1.2  Effects on particle yield

One of the main objectives of an upscaling process increase the yield of the
manufactured product while its high quality is ntained. For the scale-up of the
GNP production process the latter was already detreied so that the GNP

yield can exclusively be focused in the following.

Fig. 2 shows the GNP yield resulting from the difet preparation methods
described in 3.1. that were each employed for dm@ and three-fold batch size.
Referring to the initially employed gelatin mas® yield was invariably specified
in %. Thus, the resulting normalized values of thigerent batches couldn be
checked against each other. They generally vaetaden 1.5 % and 13.0 %.
The black columns which display the GNP yield of $tandard-sized batches
indicate that the preparation process could bermopéid, first by replacing the
burette by a peristaltic pump, then by replacing Enlenmeyer flask by a round
bottom flask. That way, the GNP vyield almost deedplUnfortunately, this trend
did not proceed in two- and three-fold batch sizes.

The columns on the left side (Fig. 2) show that aipplied method employing
Erlenmeyer flask and burette led to mean GNP yislsller than 5 % and
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relatively high standard deviations, which were hbatapplicable for further
scale-up experiments.

Regrettably, the GNP yields of the upscaled batzbsswere not optimized by
replacing the burette by a peristaltic pump (sdaroos in the middle). Quite the
opposite, the particle yields further declined. Hewer, the standard deviations
could clearly be reduced.

When the Erlenmeyer flask was finally replaced byoand bottom flask (see
columns on the right side), the GNP yield of the4wld batch size markedly
increased by 5.4% up to 9.4%. Nevertheless, itndidmeasure up to the mean

yield of the standard batch size (13.0%). Its shamcdeviation also worsened

again.
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Fig. 2. GNP yield relating to the initially employed gefatinass, which resulted
from three different GNP preparation methods, eaetployed for one-, two- and
three-fold batch size. Each data point displaysriean of three single batches
(n=3, £S.D., altogether nine individual measurensn

With the exception of the first dark column, thetjgde yield decreased with an
increasing batch size meaning that the efficienfcthe GNP production process
declines. This was probably due to the sedimemtdtioe starting after the first
desolvation step, which was adapted to the batoh Isy visual judging of the
sediment formation. Presumably, with respect taydertotal volumes and
therefore longer particle sedimentation distanbestime needed to be prolonged
in future upscaling experiments. Additionally, bdtte centrifugation speed and

time greatly influenced the GNP yield. Consequertigy should not be handled
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as constant process parameters but dynamicallgdyeted to the requirements of
each batch. However, a “one fits all” procedure Mdae more desirable to avoid
time consuming pre-studies to optimize each sibgteh.

Summarizing, each investigated upscaled GNP praparemethod employing a
peristaltic pump provided heretofore non-satisfgctgields in comparison to
those of the standard-sized preparation methodsoddgh the GNP preparation in
round bottom flasks seemed to be more effectiven thae preparation in
Erlenmeyer flasks, we continued our experimentsnguskErlenmeyer flasks
because of an easier and hence time-saving handliomgever, a future use of
round bottom flaks should not be excluded due &oethise of subsequent organic

solvent evaporation whithout the need of in betweessel change.

1.3.2 Stability of gelatin nanopatrticles of upscaled batie sizes

In the development of new dosage forms stabiliypla decisive role as it acts as
an indicator for storability. Former studies thatre carried out by Coestet al.
evinced GNP stability over a time period of at tehisee monthgCoester et al.
2000). As those particles resulted from standazdesbatches, here the upscaled
batch sizes, particularly at two- and three-foldchasizes, were aimed at,
involving Erlenmeyer flask and burette.

Fig. 3 depicts such a stability study over a timexiqgel of 35 and 37 days,
respectively. The nanoparticles were stored asdigm in HPW at a temperature
of 4 °C and periodically measured with a ZetasiMano ZS. Both, particle size
and zeta potential are parameters providing stabilformation. If for example
an agglomeration took place, the particle size @sad the appropriate Pdl values
would increase. Moreover, the zeta potential woptdsumably rise to zero
indicating a loss of electrostatic repulsion betwde single GNPs.

It was fortunately possible to demonstrate partstébility over the whole period
investigated. Thus, GNPs of both upscaled batchssehowed constant size
values. The corresponding PdlI values of 0.041 20f0r two-fold batch size and
0.015 £ 0.017 for three-fold batch size also predicgatisfactory results as they

indicate high GNP quality and remained relativehaltered over the course of
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time. When the zeta potential was regarded in #meescontext, slight variations
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Fig. 3. Stability study over a time period of at least 3508 GNPs
(Erlenmeyer flask, burette) resulting from an upedabatch size (two- and
three-fold, respectively). Particle size and zetdeptial were considered.
Each data point represents a single batch with ehrandividual
measurements (n=3, £S.D.).

were detected, which were probably due to the fertence-prone zeta cuvettes.

Nevertheless, all the detected values stayed aceeptable range.

As this study provides very promising results concey short-term stability, it

should be continued to get some results for longr-tstability. Furthermore, the
storage conditions of the GNP dispersion could beifired in future experiments
to find out whether the temperature or the pH v&lde have some influence on

stability.

1.3.3 Introduction of an evaporation step

The standard preparation protocol demanded thégairon of GNPs by two-fold
centrifugation. As each centrifugation step claimstime of 18 min, the
purification procedure is relatively time-consumifigne total capacity of the used
centrifuge is further limited to an overall maximwhabout 70 ml so that only
GNP dispersions of standard-sized batches carebeett at once. In the case of
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upscaled batch sizes, the common overnight losscefone is not sufficient to
reach total volumes less or equal than 70 ml. Thezea time-saving evaporation
step removing acetone under vacuum at a temperatuté °C was introduced.
The particles could afterwards be purified as deedrin the standard protocol

and size and zeta potential could finally be meaiy a Zetasizer Nano ZS.

Fig. 4 displays particle size and zeta potentialGdfPs of 5.6-fold batch size,

which were either purified according to the staddarotocol or to the advanced
method including an evaporation step. Therefore, NP dispersion of one

single batch (Erlenmeyer flask, burette) was digigeo two parts.

Whereas the zeta potential remains absolutely anhsthen a rotary evaporator
Is additionally used, the particle size slightlycrieases. Nevertheless, the
appropriate Pdl value (0.031) indicates high GNBRliu
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GNP standard GNP preparation
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zeta potential [mV]

[0 particle size & zeta potential

Fig. 4. Comparison of particle size and zeta potential 6ffS of an upscaled
batch size (5.6-fold) that were either preparedthy standard protocol or by
an advanced method including an evaporation steghElata point represents
a single batch (n=1, altogether three individual aserements + S.D.;
Erlenmeyer flask, burette).

Summarizing, the introduction of an evaporationpsti®es not diminish GNP
quality and can hence be recommended for the mBparof upscaled batch

sizes. The increase of particle size is small amsiclered irrelevant.
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1.3.4 Correlation studies

With the objective to figure out whether conneceses between the single
process parameters such as batch size or sedinaest o exist, we run further
upscaling experiments employing Erlenmeyer flaséd peristaltic pump again.

Therein, five- and ten-fold batch sizes were inellidThe particle size as well as
the concentration of the GNP dispersion, both reargsfor the evaluation of the

following correlation studies, was determined ascdéed.

1.3.4.1 General correlation studies
The correlation studies below generally refer t@-priwo-, five- and ten-fold
batch sizes. Each data point therein displays teannof altogether three single

batches.

Fig. 5 demonstrates strong linear correlations athbcases, emphasized by
coefficients of determination of 0.9953 (sedimerdss) and 0.991 (volume of
acetone), respectively. Hence, the appropriateatiregjuations can be used to
predict either the sediment mass or the volumeefoae that has to be added for

the second desolvation step of heretofore non-tigeded batch sizes (n-fold):

* sediment mass [g] =1.167h + 0.4988 [1]
* volume of acetone [ml] = 68.84 + 25.204 [2]

According to this, we are now also able to prethetvolume of acetone when the

sediment mass is already known:

« volume of acetone [ml] = 58.98&8ediment mass [g] - 4.2186 [3]
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Fig. 5. Correlation between sediment mass and n-fold baizke and
correlation between volumes of acetone added fersécond desolvation
step and n-fold batch size, respectively. Each gaiat displays the mean
of three single batches (n=3, £S.D.; ErlenmeyasH, peristaltic pump).

Summarizing, this mathematical analysis facilitatte planning of further
upscaling experiments as the sediment mass ancbtimimption of acetone can
easily be prognosticated. Especially the latteddet an advantage: the addition
of acetone during the second desolvation step canaompletely be automated
because a visual judgement of turbidity or a neghletric measurement is not
necessary any moreuture upscaling studies may eventually requir@ladation

of this production step referring the the partsilee.

Fig. 6 shows a linear correlation for the first &sashich is characterized by a
coefficient of determination of 0.9357. This pewihe prediction of the particle

yield of heretofore non-investigated batch size®(d):

e particle yield [mg] = 27.68n + 51.146 [4]
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Allowing for the mathematical formulas developeddid.1.1. (see [1] and [2]), it
is possible to calculate the absolute particledyighen either the sediment mass

or the volume of acetone added for the second d&smh step is known:

particle yield [mg] = 23.72sediment mass [g] + 39.316 [5]

particle yield [mg] = 0.402volume of acetone [ml] + 41.012 [6]
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Fig. 6. Correlation between particle size and n-fold basihe and correlation

between absolute GNP yield and n-fold batch siespectively. Each data point
displays the mean of three single batches (n=3,0x,Sltogether nine individual

measurements; Erlenmeyer flask, peristaltic pump).

In contrast, the particle size seems not to depenithe batch size and is therefore
also independent of the sediment mass, the volumacetone added for the
second desolvation step and the particle yieldetterally varies between 133 nm
and 157 nm.

Summarizing, the absolute particle yield dependshenbatch size whereas the
particle size does not show a comparable relatipngtuture experiments should
clarify the role of the sedimentation time as wadlthe centrifugation speed and
time which may have an influence on both, absohaeicle yield and size.
Relative particle yield would be of interest fronc@mmercial point of view but
would require MW analysis before and after thet fitgsolvation step and before

and after the purification process. However, prelary estimation indicate a



Formulation development of plain gelatin nanopéstic 35

percental loss of particle yield during the puafion process by centrifugation of
20 — 30%.

1.3.4.2  Correlation studies within batches of the same size

The following correlation studies refer to one-otwand five-fold batch sizes.
Each data point therein represents a single baittinva series of three batches of
the same size.
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R?=0.7816

sediment mass [g]

¢ one-fold batch size m two-fold batch size A five-fold batch size

Fig. 7. Correlation between volumes of acetone added fer skcond
desolvation step and sediment mass. Each data pepresents a single
batch within a series of three batches of the same (n=3, + S.D.;
Erlenmeyer flask, peristaltic pump).

Fig. 7 confirms a linear correlation between thtuxe of acetone that was added
for the second desolvation step and the sedimess mvéhin a series of batches
of the same size. Hence, the volume of acetoneedsed with increasing
sediment mass which in turn has a crucial impacthenachieved particle size

(Zwiorek 2006). Although the corresponding coeéfitis of determination were
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increasingly satisfactory (one-fold batch size:806, two-fold: 0.9945, three-
fold: 0.9849), it was hitherto not possible to ekapredict the behaviour of non-
investigated batch sizes because of differing slapfethe already existing trend

lines.

In contrast to the general correlation study abekiere a connectedness between
particle size and any other considered factor sasctiolume of acetone had to be
excluded for simplification, we are now able tcatelparticle size to the sediment
mass. Fig. 8 shows a linear correlation betweertvibewhich is characterized by
coefficients of determination between 0.6406 (twltfbatch size) and 0.9653
(five-fold). Once again, the exact prediction o t6NP size of heretofore non-
prepared batch sizes remained unfortunately implessas each already
investigated batch size brought along a differegnid line slope. Nevertheless, it
was evidenced that the particle size within batdidbe same size increases with
an increasing sediment mass confirming earlierifigsl based on a lower number
of non-validated batches (Zwiorek 2006).
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Fig. 8. Correlation between particle size and sediment massh data point

represents a single batch within a series of tHratches of the same size (n=1,



Formulation development of plain gelatin nanopéstic 37

altogether three individual measurements + S.D.leBEmeyer flask, peristaltic

pump).
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Fig. 9. Correlation between GNP yield and sediment mascthEdata point
represents a single batch within a series of thhaihes of the same size (n=3,

S.D.; Erlenmeyer flask, peristaltic pump).

The final step aimed at clarifying whether theresvadso a relationship between
the sediment mass and the particle yield withinched of the same size.
Regarding the standard and two-fold batch sizeg @istrong linear correlations
were obtained emphasized by coefficients of deteation of 0.984 and 0.9987,
respectively. Surprisingly, the GNP vyield of onédftoatch sizes increased with
an increasing sediment mass whereas the yield @fdild batch sizes decreased.
Five-fold batch sizes further behave similarlywaeifold batch sizes, but have to
be considered critically as their coefficient ofigion accounts for only 0.5464.
Nevertheless, despite this difficulty to predicelgi from five-fold upscaling the

higher alsolute yield justifies future employmerit this approach due to the
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avoidance of particle size variances between mdk$ of regular small-sized

batches.

1.3.5 Preliminary constitution of an interdependency netverk of production
parameters

The finding of above discussed single interdepeesidoetween each paired
individual parameters already facilitated simpléated projections. However,
obtaining a full overview of relations between iaNolved parameters accessible
for quantification would be highly desirable. Inseaa statistical context existed
between the various decisive steps in the manufagtyprocess, a predictable
scale up from threefold to tenfold or even higheuld become possible.
Therefore, a preliminary set of 8 threefold up-sdabatches was produced
parallely and 8 key production parameters wererdsmh These did not include
the initial mass of starting material gelatin A waliniwas kept constant at about
3.75 g. Furthermore, the sediment mass resultio fihe first desolvation step,
the volume of added acetone in the second desoivatiep, the dispersions’
turbidity after accomplishment of the second destodwv step, the size of the
obtained particles, the percental loss of partil@ss during purification, the
applied gravitation forces (speed) by centrifugatduring particle purification,
the time that was allowed for the addition of acetaintil occurrence of turbidity
in the second desolvation step and finally thedyigiven as absolute mass of

nanoparticles as the final outcome (Tab. 1).

Mass Sediment Volume Turbidity Size Percent Speed Time Yield
[mg]  [mg] of /ml [nm] loss (gl [min] [mg]
acetone [FNUs/ml] [%]
[ml]
3.75 7.97 300 2.390 179.0 15.06 20100 50 783.619
3.79 6.60 275 2.255 197.7 19.07 19530 52 528.031
3.75 5.97 325 1.800 169.2 10.56 20100 50 562.754
3.88 5.27 250 2.864 157.1 8.32 20500 24 715.414
3.77 4.38 252 2.377 160.1 14.59 20333 24 486.911
3.82 3.70 265 2.389 163.4 431 21475 22 424.547
3.75 2.05 260 0.301 147.6 38.29 20904 73 122.980
3.77 3.23 260 0.469 143.2 35.91 20904 73 262.020

Tab. 1: Survey of the investigated process parameters troeefold upscaled
batches (n=8).
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The 8 chosen parameters offer altogether 28 paraemseful interrelationships.
Values were plotted against each other and lineafficients of determination

were obtained (Tab. 3). Coefficients of determimat’¥’ > 0.8 were considered as
indicators of strong correlation while 0.8 3:R0.5 were such of weak correlation
(Schnell et al. 2007). Values below 0.5 were ngared as indicators of any

correlation and were not reflected in the followeguations.

Number xly Best fit equation Coefficient of
determination
3 Percental InY=-0.064x+1.558 0.862
loss/turbidity
4 Percental InY=-0.039%x+6.777 0.661
losslyield
5 Time/ percental Y=1.48x+18.97 0.777
loss
9 Turbidity/ time Y=-19.11x+81.46 0.756
10 Turbidity/ yield  InY=-0.516(1/x)+6.577 0.895
11 Sediment/ InY=30.34(1/x)-3.966 0.512
percental loss
13 Sediment/ InY=- 0.741
turbidity 2.520(1/Inx)+2.234
15 Sediment/ yield InY=-4.982(1/x)+7.259 0.930
17 Turbidity/ size  InY=0.069(1/Inx)+5.054 0.535
24 Speed/size Y=9E+06(1/x)-291.1 0.588
26 Speed/ sediment  Y=1E+06(1/x)-45.00 0.578
27 size/sediment Y=-2568(1/x)+20.64 0.681

Tab. 2: Equations with corresponding coefficients of detaation obtained from
linear plotting (n=8) of relevant production paratee results. Numbers in the
first column represent the attributed experimeninber in the consecutive trial
equivalent to those shown in Fig. 3. Equations imiseatured Rvalues < 0.5.
Consequently, all coefficients of determinationtlae prime reference to proof
correlation —but not necessarily causality- coukl \bsualized in a network
between the 8 major process parameters (Fig. X@ng correlations were e.g.
found for the pairs turbidity and yield {R=0.895) or sediment and vyield {R
=0.930). The former is of particular importance dese turbidity is an easily and
quickly accessible measurand. Therefore, in processrols would be possible
and the production could be stopped at a poinineé tvhen a sufficient yield is
conceivable long before the consuming purificatjprocess with subsequent

gravimetrical concentration determination and ydtétulation is performed.
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A less strong but still significant correlation?#®.681) was found between the
resulting particle size and the sediment. This Itesanfirmed earlier reports in
our group (Zwiorek 2006) which led to the conclusithat a higher vyield is
potentially at the expense of a small particle .sigreover, the higher the
applied gravitation force during the purificatioentrifugation was, the larger
became the particles most likely to occasionallcéd aggregation @R0.588).
Interestingly, no significant correlation was foubetween the volume of added
acetone and the resulting yield. This indicated tme the process is running, at
a later stage (the second desolvation step) thd gieuld hardly be enlarged
anymore. Moreover, the volume of acetone e.g. thditian of an excess of
desolvant did not influence the particle size whieth to the conclusion that the
size was already predetermined and more influerimedhe earlier applying

parameters such as sediment mass.
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Fig. 10 Network of interrelations of major process parameteSolid arrows
indicate linear coefficients of determination abd¥e0.5 while dashed arrows
represent respective values belofe®5 meaning a lack of linear correlation
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In summary, helpful projections could be made sashthe correlation between
turbidity and yield which had practical significandn the investigation in

chapter 11.3.

However, in this trial the statistical basis wadl sather narrow and should be
significantly enlarged before moving to a potenfiglre clinical manufacturing

to obtain data suitable for robust process valhatiMoreover, more complex
mathematical models of correlation could probablgress relations better than
this simple linear-only model applied herein. Theguld help to adequately meet
pre-set GNP target properties such as upper siatslivhile optimal yields and

the lowest possible amounts of organic desolvenbhtained at the same time.

1.3.6 Reducing the amount of glutaraldehyde

Besides glutaraldehyde, the reagents necessarthdoproduction of GNPs are
non- or minor toxic and relatively inexpensive, ahidisplayed an advantageous
precondition for upscaling experiments. Howeventayaldehyde which was
finally employed to crosslink the nanoparticles misuamong environmentally
hazardous substances, as discussed comprehensivslgpter 11.3. Although no
toxicity was revealed both in own vitro andin vivo studies so far, its use should
be pared down to the minimum and therefore evelytitel employed in lower
guantities than in the so present standard prdtocol

Fig. 11 shows particle size and zeta potential P& of three-fold batch size that
were either prepared by the standard protocol orahyadvanced method
employing only half of the regularly used amounghiftaraldehyde.

Both preparation methods led to particles of higlaldy, emphasized by mean
Pdl values of 0.036 (standard method) and 0.028faxkd method), respectively.
However, the GNPs of the standard method were tglighmaller. As this
difference amounted to less than 15 nm, it showdnbglected and a GNP
production with halved amount of glutaraldehyde wdtiobe recommended in
order to save expenses and to reduce the risk idigpwith toxic substances. Of
course, the stability of GNPs prepared by the adedmmethod is further crucial
for a recommendation like this.

So, it was further examined whether nanopartictepgred by the glutaraldehyde-

saving method were as stable as commonly prepakdlsGvithin the first days
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post-production. Therefore, particle size and petgential were measured again
three days after the first measurement (see 24Wyeaexpected to collapse the
dispersion, if at all, in an early post-preparatsbate. Fortunately, particle size as
well as zeta potential did not markedly vary in @amson to the first
measurement, which indicates GNP stability. Acamgdito these promising
results, long-term stability could be presumed, leg certainly to be verified in

future experiments.
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Fig. 11. Comparison of particle size and zeta potential &fRS of an upscaled
batch size (three-fold) that were either preparegdtte standard protocol or by
an advanced method with halved amount of glutatatde. Each data point
displays the mean of three single batches (3#=3,D., altogether nine individual
measurements).

With regard to particle quality and stability, dretpresent data the halving of the
amount of glutaraldehyde seems to be unproblem@batrol experiments after
three and six months confirmed the stability intighg size. Therefore, a further
reduction of glutaraldehyde could be taken intaccbesideration from a toxicolic
point of view. However, glutaraldehyde free residuaffer aldehyde free
functional groups which turned out to be crucialsome post-manufacturing
processing like surface PEGylation (Zillies et2007). Consequently, each case

requires a careful consideration of priorities.
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1.3.7 Cationization of upscaled GNPs.

The delivery of nucleic acid-based active ingretiezonstituted one of the main
driving factors to initiate the up-scaling of GNPoguction in order to provide
sufficient amounts of the carrier for potentialnatal studies. Therefore, the
possibility to cationize also GNPs from up-scalatiches for subsequent nucleic
acid surface loading needed to be elucidated. Taimlbobust information if the
conducted cationization resulted in GNPs of sufiticolloidal stability, crucial
parameters such as particle size, size distribu¢(DI) and visible particle
impurities were assessed in dependence of varjaleess parameters such as
starting particle concentration, pH value and catretion of cationization agents.
First, the impact of altering the pH value was gredl while the other production
parameters were left as standard for the origiratib size to include a GNP

concentration of 3-5 mg/ml and reagent conceninataf 0.5 mg/ml.
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Fig. 12 Impact of process pH value on resulting particleesiluring cationization
of a threefold up-scaled batch (n=3 +S.D.).

As revealed by Fig. 12, the particle size remamsstant for the observed range
of pH 3.5 — 4.75 at 200 nm. When passing the tloldsbf pH 4.75, particle sizes
rose to more than 600 nm indicating massive aggegaand dispersion

instability which should be avoided. Moreover, akinspection of the relevant

dispersions was performed (Tab. 3).
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pH 3.5 4.0 425 | 45 4.75 5.0 55
sedimentation - + + + ++ +++ ++++
tendency (48 h)

flocculation = - - - ++ ++ ++++

Tab. 3: Impact of process pH value on GNP dispersion Btab{visual
inspection) during cationization of a threefold sgaled batch with “-* for

absence of relevant phenomenon up to “++++” for hvgyaoccurrence.

Although pH 4.75 emerged as a threshold value étioidal stability based on
instantly measured particle sizes, visual inspactevealed inconsistencies even
below this point. Flocculation occurred down to p#H75 and (slight)
sedimentation tendency down to pH 4.0 (Tab. 3)thA¢ low value, sufficient
cationization could no longer be granted. Thereftungher parameters but the pH

value were varied to obtain stable cationized Gistehes.

c(GNP) | c (Cholamin/ EDC) size PDI Zetapot. Visible
[mg / ml] [mg / ml] [nm] [mV] particles
1 1.0/11 270.27 0.093 291 ++
1 2.0/22 292.4 0.060 6.86 -
1 3.0/33 327.4 0.100 7.56 -
2 1.0/1.1 349.17 0.255 4.86 SHest
2 20/2.2 289.6 0.081 7.07 +
2 3.0/33 296.5 0.041 7.87 -

Tab. 4: Impact of starting GNP and reagents’ concentratiam particle and

dispersion quality.

While the prevalent pH value was constant at 4a5tisg GNP concentration was
lowered to 1 and 2 mg/ml respectively. However, itffeience of this parameter
was marginal in comparison to the concentrationthef applied cationization

agents cholamin and EDC. When raising their comagoh to 3 and 3.3 mg/ml,
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respectively, aggregation (visible particles) wasided (Tab. 4). This was due to
a sufficient elevation of the zeta potential. Theeg values (Tab. 4) were
measured in PBS and translate to about threefgltenhivalues when measured in
otherwise (chapter I11.2) used 10 mM NaCl. The nemance of particle size was
demonstrated impressively for the 2 mg/ml GNP istgrconcentration which
should be regarded as the maximum to avoid exeaegsi@rparticulate interaction
as seen when employing the standard GNP concemrat3-5 mg/ml).
Furthermore, keeping the pH at a maximum of 4.5uests EDC-mediated
catalysis while a still secure distance from galafA IEP was sustained.
Summarizing, cationization reagent’s addition neletebe adapted to the volume
of the reaction batch and the particle size. Asiaimum, reagent:GNP ratio
should account for 1:1 and 1.5:1 to ensure sufficieationization in large
volumes. Finally, effective cationization preveatggregation electrostatically as

revealed by sufficiently high zeta potential values

1.4  Conclusion

In order to scale up the established GNP preparatiethod (Coester et al. 2000),
we first run some basic experiments showing thaupscaling was generally
possible without reducing particle quality. There imvestigated the influence of
different laboratory equipments, finally decidingfavor for the combination of
Erlenmeyer flask and peristaltic pump. Further expents confirmed the
stability of GNPs of upscaled batch sizes for aste85 days and revealed that the
introduction of an evaporation step did not aflé&tP quality.

Supported by these promising results, initial datren studies up to ten-fold
batch size were started, which enabled developroérdeveral mathematical
formulas linking batch size, sediment mass, volurheacetone added for the
second desolvation step and patrticle yield. Thesadlas contribute to facilitate
future upscaling experiments as the outcome optbparation of heretofore non-
investigated batch sizes can be predicted by cdlonl Moreover, the
combination of all involved process parameters dhelir interdependence-
expressing coefficients of determination allowed thsualization of a network
making predictions in several cases reliable. Toeee a precondition for further
upscaling for clinical manufacturing was establésh&though more work is

needed to guarantee robustness over larger pamsatif batches. Furthermore,
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the cationization of up-scaled GNP batches succeeafeer small process
modifications

With the objective to finally optimize the upscal&NP production process, it
was tried to reduce the amount of toxic glutaraydieh Fortunately, it could be
demonstrated that both, particle quality and ststbilo not suffer from halving

the amount of glutaraldehyde.
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2. Hydration of GNPs

2.1  Scope of the hydration project

According to the original GNP manufacturing proto¢Goester et al. 2000),
GNPs were stabilized in the final production stgp diutaraldehyde-mediated
cross-linking. Resulting permanent chemical bonesvbenw-amine groups of
lysines in adjoined gelatin molecules preventedhig formed particles from
early disintegration. Consequently, the involveidhelation reaction classified as
an alkylimino-de-oxo-bisubstitution of the-amines and the aldehydes led to the
formation of imines. The acidic condition from teecond desolvation step was
beneficial to catalyze the nucleophilic additiopgyreaction. The product was
considered stable (March 1992) but could potentia#l subjected to consecutive
reactions such as hydrolysis, Diels-Alder reactiongeactions with amines to
aminals. However, the occurrence of the relatecssary reaction conditions
vivo is unlikely. Furthermore, since glutaraldelyde wiast used to cross-link
protein-based nanoparticles (Weber et al. 2000j)pxic side reactions or gelatin-
associated immunity reactions were observed (Z\i@@06). Nevertheless, the
abolishment of imines would constitute a worthwldfgion to rule out a residual
risk in the light of a later use in humans. Yet #tability and integrity of the
resulting imine-free particles needed to be ensurefbre any toxicological
investigations appeared as reasonable. The mosakpgp method to transform an
imine to a functionality of lower reactivity is &duction from which secondary
amines are obtained (March 1992). The appropriag @f hydrogenation must
reflect the possible threat the reaction consstiwevards other functionalities and
bindings within the molecule. The widely used radgc agent sodium
borohydride reduces amides as well which would lectgely result in a
breakdown of the primary structure of the gelatmot@in matrix. Therefore,
sodium cyanoborohydride with the formula NafEN) was chosen as a reducing
agent with lower nucleophilic properties and cownssdly higher selectivity
towards imines (Borch et al. 1971). Furthermoredrhijon by hydrogen gas
catalyzed by palladium fixed on large surface carbeads in a 10% (w/w) ratio
was considered due to its weak amide but potemtdmeducing properties.
Therefore, the aim of this experiment was to conmfiif a successful
hydrogenation occurred and if the resulting paeticimaintained sufficient

stability for in vivo settings later. Analytically, the first point wasmgaged by
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nuclear magnetic resonance spectroscopy (NMR)east#te-of-the-art method to
identify functional groups by tracking spins of @ic nuclei. The nanoparticle
stability was assessed via PCS.

2.2  Materials and Methods

2.2.1 Hydrogenation by sodium cyanoborohydride

As the preferential reaction milieu for hydrogeoati by sodium
cyanoborohydride was pH 55 - 6, 100 ml of a 0.1 pbtassium
hydrogenphthalate buffer and 100 ml of a 0.1 M wsodiacetate buffer were
prepared. Therefore, 2.042 g potassium hydrogeafaith (Sigma, Taufkirchen,
Germany) and 1.36 g sodium acetate (Merck, Darms&etmany) supplemented
by 5.22 ml of 0.1 M acidic acid were diluted in 1@0 of HPW, respectively. For
a quantitative selective catalytic reduction, all6 molar ratio of glutaraledhyde
and sodium cyanoborohydride was employed. Prepasativere incubated in
Eppendorf caps in aliquots of 300 ul at 22°C forh1dt 300 rpms. After finished
incubation, samples were purified by four subsetjgentrifugation and washing
steps, respectively. Purification in terms of redgcthe amount of residual

catalyst was monitored photometrically at 254 nreach washing step.

2.2.2 Hydrogenation by hydrogen/carbon-bound palladium

As an example, an aliquot containing 10 mg GNP ati&pn from the up-scaled
batch was transferred to a reaction flask with igéet. 444 mg of carbon-bound
palladium (Pd) catalyst were added and dispersed5@ ml of methanol.
Hydrogen gas was provided at a pressure of 2 baesincubation time was set to
24 h and the consumed hydrogen volume was 480 mal.cbarse carbon catalyst
particles were separated from the GNPs by filtratthrough an established
cellulose acetate filter featuring a 5 um pore svbéch was previously validated
to have low GNP retention properties in contrastéonmon organic solvent-
proofed filter alternatives. However, due to thessvity of the filter material
towards the dispersant, the methanolic particlpetson was diluted 1 : 10
before filtration and concentrated afterwards byee¢hsubsequent centrifugation
and washing steps. The concentration was raiseebhesgain to the original

value.
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2.2.3 Assessment of particle stability by PCS after hydrgenation
Hydrogenated and non-hydrogenated samples wetesfit§ected to 4 particle
size measurements (n=3, S.D.) over a time periogoli to obtain preliminary
particle size data at room temperature to identig/ better suited method related
to particle stability. Particle size and size disttion alterations were assessed.
Furthermore, samples were stored for 330 h at tthistmctive temperatures (4°C,
25°C and 37°C) at physiologic pH value (pH 7.4)otatain extended stability
data. Per reading point, 10 pl of GNP formulatierevsampled and added to 500
ul HPW in a PMMA halfmicro cuvette and susbsequeatialyzed by a Zetasizer

ZS Nano (Malvern Instruments, Malvern, UK). Reswtre intensity weighted.

2.2.4 Scanning electron microscopy of GNPs

Aqueous dispersions of GNPs were centrifuged, tipematant was removed and
redispersed in 96% (v/v) ethanol (VWR, Ismaningr@amy). 50 pl of ethanolic
dispersion where applied on an adhesive carbonrgaodnted onto a scanning
electron microscopy (SEM) probe holder. Subsequetiite samples were carbon-
sputtered and therefore ready for SEM analysisid€atify the composition of
chemical elements within the hydrogenated samp&sSM with enhanced
(semi)quantitative elementary analysis was condulotea JSM 6500 F equipped
with an energy dispersive x-ray (EDX) technologg@l, Tokyo, Japan). Related
element calculation was performed via INCA softwd@xford Instruments,
Oxford, UK)

2.2.5 Liquid 13C-NMR for hydrogenation proof

For each single 13C-NMR analysis, an aliquot of Gitiftk solution containing
3 mg GNPs was centrifuged and subsequently redisgem D20 (Merck,
Damrstadt, Germany). NMR glass tubes were fillethwespective samples up to
a filling height of 5 cm and finally sealed withbder stoppers. Samples were
measured at 400 MHz over 20000 scans by an NMRtrepeeter (Bruker,
Karlsruhe, Germany).
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2.2.6 Solid state magic angle spinning NMR for hydrogenabn proof

To avoid any potentially disturbing dispersant- oyarticle interaction before or
during the measuremerfC magic angle spinning (MAS)-NMR was chosen as a
feasible alternative. MAS-NMR is an established hhodtto perform solid-sate
NMR spectroscopy (Schaefer and Stejskal 1976). Bpgleying the magic angle
Om, dipole-dipole interactions, chemical shift anispyy and partly quadrupolar
interactions are averaged out. This leads to adarower signal (chemical shift)
compared to other forms of NMR. Thg was set to 54.74° in all measurements.
The chemical shift results were given in partsrpéiion (ppm).

Here, initially 1 mg of the lyophilized samples whled into the designated
special rotor as a dry substance and subsequemihgured by an Avance 500
NMR spectromter (Bruker, Karlsruhe, Germany).

2.2.7 Lyophilization of GNPs

In order to perform MAS-NMR, GNPs needed to be @ygll as a solid matter
instead of the standard aqueous dispersion. Threredspersions of GNPs were
diluted down to a concentration of 1.5 mg/ml. Tchiage a higher yield of
finished product, 50% of samples of batches hydratggl by one of the two
described methods and of a 50% reference non-hgdedgd batch were
supplemented with sucrose (Sigma, Taufkirchen, @agnas a lyoprotector as
previously introduced for GNPs (Zillies et al. 2008The final sucrose
concentration was 10% /w/w). The other 50% of sasplere not supplemented
with a lyoprotector and left as a pure GNP dispersiResulting formulations
were filled as 1 ml aliquots into 2R lyophilisatietals (Schott, Germany). This
was applied both for batches from the standarddsimanufacturing process as
well as batches from upscaled processes. Subségsariples were freeze-dried
over a 48 h period in an 2 Epsilon freeze dryerri&hOsterode, Germany) at
- 50°C and 0.03 mbar in the primary drying steprisure full water removal. The
process was modified from the previously estabtisptocol for GNPs (Zillies
et al. 2008). Following the drying cycle, vials wee-pressurized by nitrogen gas
up to atmospheric conditions (1000 mbar) to avaidapplied vacuum because
otherwise the low-densitiy GNP powder employed withcryoprotectant sucrose

would have aerozolized and vanished upon opening.
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2.3 Results and Discussion

Due to its high toxicity, complete removal of theatalyt sodium
cyanoborohydride was a crucial task after the agdishment of hydrogenation.
Therefore, each supernatant resulting from cemgaiion of each washing step

was analyzed photometrically.

0 144 168 241

storage time [h]

O supernatant 1 supernatant 2 M supernatant 3 H supernatant 4 ‘

Fig. 1. Optical density at 254 nm indicates a sharp deceeas NaCN(BH)
supernatant concentration between subsequent washeps and a degradative

reaction over time.

As an example, Fig. 1 depicts the decrease in ptisorand consequently in

catalyst concentration found in the supernatanistwivere gained from washing
step one down to step four. It was demonstratet ahdeast four subsequent
washing steps were required to ensure absence xof tmtalyst residuals.

Furthermore, a distinctive fall in absorption wdsserved within the two higher
concentrated supernatants after 170 h. This reflbet reported slow degradation
sodium cynoborohydride is subjected to (Borch etl&l71). However, as the
incubation period was set much shorter than 17bik,degradation presumably
had no disturbing impact on the catalytic procesafi

For hydrogenation by the heterogeneous catalystolggth gas /carbon-bound
palladium, no photometric determination of residuesuld be performed.

Moreover, the visual inspection of the filters aowas not sufficient although
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filters exhibited black carbon-associated colouramdy on the educt but not on
product side. Therefore, EDX elemental analysisadatas taken into

consideration.
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Fig. 2 Elemental analysis by EDX.

Here, the absence of palladium and of boron coukl pfroven for

hydrogen/carbon-bound palladium and for sodium opamohydride-catalyzed
samples, respectively (Fig. 2a, 2b). Furthermdre, dlemental composition did
not change considerably before and after hydrogeméfig. 2c).

However, a major change was observed when congpéra impact of the two

chemical reduction methods’ impacts on particlesigig. 3).
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Fig. 3. Comparison of particle sizes of non-hydrogenated &ydrogenated
GNPs (n=3, £S.D).

While hydrogen/carbon-bound palladium hydrogen&éiPs maintain the size of
non-hydrogenated GNPs (200 nm), sodium cyanoboratg/driggered a huge
10-fold increase in particle size (up to 2000 niigreover, fluctuations between
reading points were higher as well as the parsde distributions were broader
(Fig. 3). Most likely the gelatin protein structunes chemically broken-up and
consequently the particle integrity was affectetherEfore, hydrogenation by
hydrogen/carbon-bound palladium was not followeghaore.

13C NMR analysis was initially performed with liqusamples as no extensive
sample preparation besides medium exchang® @@r HPW) was required. As
GNPs were not exposed te® previously, a brief GNP compatibility evaluation
was introduced beforehand. However, Fig. 4 visealithat particle stability and
integrity was negatively affected by the pro-aggtesn effect of DO onto GNP
integrity. As soon as more than 50% of the dispdrsaere constituted by JO,
particle sizes were dramatically rising. This treaden increased over the
monitored time period (Fig. 4). Visible inspectiorvealed changes in the
respective dispersions such as aggregate-formind #occulation which

supported PCS data which in turn indicated massjggegation.



54 Formulationvé®pment of plain gelatin nanoparticles

1600 -

1200 ~

800 -

particle size [nm]

400

0 25 46.5 68.5 91
time from first contact [h]

[E0% 8 25% M50% B 75% M 100% |

Fig. 4. GNP particle sizes in dependence of the appliedgrgage of deuterium
oxide (3O) within the aqueous dispersant to over time &C2HM=3 £S.D.).

Consequently, NMR measurements from liquid samm@éblpugh prolonged to

26 h and 20000 scans, did not result in meanirdditd. Very broad amide bonds
could only be supposed while possible imin bondsewsuperposed by the
background noise (Fig. 5).
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Fig. 5 C NMR at 400 MHz over 20000 scans of NaCN¢Btyprogenated
GNPs DO dispersion.

Consequently, all further hydrogenation-proving NMRalysis was replaced by
solid matter-considering MAS-NMR. This required tieneration of dried GNPs.
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Therefore, lyophilization as a validated method @&XP drying was conducted
(Zillies et al. 2008).
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Fig. 6 '®C MAS-NMR of non-hydrogenated GNPs without (a) awith
cryoprotectant sucrose (10% w/w) (b).

The NMR spectrum of a 500 mg GNP sample in Figrédealed too low band
intensity and amplitude compared to background endts conclude even the
presence of the expected imine band at 163 ppm &g The amide band at 171

ppm was broad but low in amplitude and hence cooldbe considered for any
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subsequent comparisons. Moreover, addition of ticeose as lyoprotector led the
related signal to cover other bands (Fig 6b). Tioeee only sucrose-free

lyophilisates were used afterwards.
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Fig. 7: *C MAS-NMR spretrum of NaCN(B#)ydrogenated GNPs.

Subsequently, the hydrogenated samples were setjecMAS NMR. However,

problems arose related to the limited mass of @33NP dry substance. The void
volumes were filled with Teflon strip to ensuredraded rotation of the employed
MAS rotors. Fig. 7 illustrates the impact of NaCMW(B-mediated hydrogenation

on the chemical structure of the gelatin. Amidedsawere no longer detectable at
171- 175 ppm. Thus, a complete reduction of theseps was obvious leading to
the conclusion that the protein structure was diggtaat least in part due to
excessive chemical reduction. This correspond$eofindings of heavy storage
aggregation depicted in Fig. 8. Particle sizesaased 10-fold from initial 200 nm

even when GNPs were stored at 4°C. Higher storaggdratures led to even

higher mean sizes indicating a complete loss obparticulate morphology.
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Fig. 8 NaCN(BH}-hydrogenated GNP mean sizes (n=3, S.D.) over &k 25
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Fig. 9: **C MAS-NMR spretrum of#tarbon-bound Pd-hydrogenated GNPs.

In contrast, H/carbon-bound Pd-hydrogenated GNPs featured a gteBk5 ppm

indicating the presence of amide bands. Theretbee primary protein structure
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was not eliminated as with the former homogenoiatalgst. This was also

reflected by the particle size monitoring over 33§torage time (Fig 10).
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Fig. 10 Hj/carbon-bound Pd-hydrogenated GNP mean sizes (18B,) over
time at 4, 25 and 37°C storing temperature and p# Artefacts are present in
4°C samples at 305 and 330 min storage time (n=8,z).

GNPs featured size stability at least for 281 hnwhtred at 4°C. Storing at 25
and 37°C led to marginally significant higher peldisizes and size fluctuations
between the reading points. No indication of congl®ss of nanoparticulate
morphology was found in contrast to the other gatareated GNPs (Fig. 8). The
reductive strength was thereby appropriate fromtabilgy point of view.
However, due to the overall poor signal-noise-tatm conclusion could be drawn
neither to the existence of an imine band nordcelimination in comparison to
the non-hydrogenated GNPs (Fig. 6a). Thereforevaseries of experiments was
required to obtain higher signal intensity by thepéoyment of higher sample
masses. Consequently, the previously introducedcafing process was used to
employ higher amounts both of native and efcdrbon-bound Pd-hydrogenated
GNPs. A 10-fold higher mass input led to the awshgnmproved signal-noise
ratio. Fig. 11a depicts the non-hydrogenated GNRIs segular amide bands at
171 ppm and the target structure of imines band$@fppm.
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Fig. 11 C MAS-NMR spretrum of native (a) and/¢arbon-bound Pd-
hydrogenated (b) GNPs.

The imine band was successfully eliminated after hiydrogenation process
confirming the effectiveness of the selected preddsg. 11b). Moreover, all
other bands remained unaffected supporting thetifaeion of the method’s

selectivity. Again, this finding was in accordancehnihe observed short-term
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stability of Hy/carbon-bound Pd-hydrogenated (b) GNPs (Fig. 1@wéver,
stability was not increased compared the nativemaitogenated GNPs.

In summary, the additional efforts were not justifiby the resulting properties of
hydrogenated GNPs. Although the hydrogenation m®odself finally turned out
to be successfully conducted, the particle mid-tetability was not superior.
Furthermore, the hydrogenation itself and the syibbset —eventhough possible-
purification at least double the GNP manufacturtimge and costs per batch
compared to the non.treated GNPs which already dstraied their
biocompatibility in severain vivo trials. Therefore, if a replacement of currently
used glutaraledhyde-generated imins was requireduture, other strategies
should be followed. Nevertheless, this evidence ldvawt have been possible
without upcaling the GNP manufacturing process Whiaas established by the

present work.
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3. Enzymatic cross-linking of GNPs

3.1 Introduction

Applying the two-step desolvation method for mawctdang gelatin
nanoparticles, the tendency of aggregation of tiNP§ could be reduced and
particle production of reproducible size, size nifisition and yield could be
gained (Coestest al. 2000). The prepared GNPs showed a high stabitithveere
up-scalable during manufacture.

While GNPs chemically cross-linked by glutaraldedytid not trigger undesired
immune or toxicological reactions, a reduction iocempatibility of cross-linked
gelatin-films was reported earlier (Van Lugt al. 1995) and slight toxicity in
peroral toxicology studies as well as contact déitieaf applied on the skin were
shown (Ballantyne and Jordan 2001). Otherwise,aghliiehyde was widely
employed for a range of industrial and biomedigapligations to include cold
sterilization and biocidal use in production siiBallantyne and Jordan 2001). As
glutaraldehyde is consumed during the GNP crossalgnreaction and residuals
are removed by particle purification, consequemity adverse effects could be
observed.

Nevertheless, aiming at potential future applicaioof GNPs in humans
(pharmaceuticals like food), substances like galtlhyde with a theoretical
residual risk deserve attention in terms of “geleraegarded as safe”
replacements (Chaat al. 2005).

Hence, as a non-toxic alternative to the chemioags:linker glutaraldehyde the
enzyme transglutaminase (TG; E.C. 2.3.2.13), anyraazwhose subspecies
microbial TG (MTG) is already used as a biocatalkystcovalently cross-link
proteins in food chemistry (Boeniseh al. 2007), tissue engineering (Bertaeti
al. 2006) and others (Zhu and Tramper 2008), is inyatstd here for GNP
preparation.

The mammalian TGs are €alepending enzymes which play various roles such
as in blood clotting, HIV entering into target sedind the pathology of the celiac
and Huntington diseases, but they are also gepesi@bilizing and protective in
the cells (Griffin et al. 2002). In contrast, the microbial TGs isolatednfro
Streptomyces are easier to produce, more feasibbéotechnologic applications
due to their C& independence and have broader substrate spacifitin
mammalian tissue TGs (Ceit al. 2008; Lantto 2007).
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These acyltransferases form intra- and intermoéecidopeptide bonds in and
between many proteins by cross-linking thamino groups of the amino acid
lysine to the side chain amide group of glutamimeréby releasing one molecule
of ammonia per crosslink (Figure 1) (Boenisthal. 2007; Heidebachkt al. 2008;
Lantto 2007; Griffinet al. 2002).

Fig. 1: Protein cross-linking by transglutaminase betw@eimary amino groups
of the amino acids glutamine and lysine in cour$evbich one molecule of
ammonia is generated per crosslink (courtesy of hBbauer, Darmstadt
University of Appl. Sc., Germany)

Enzymatic cross-linking is an attractive approaak tb its high specificity of the
enzyme catalysis controllable to a certain degyeehlanging pH and temperature.
The pH activity curve for MTG for instance showsaptimum between pH 5 and
8 (Boenischet al. 2007; Lantto 2007). Furthermore, it was reporteat MTG
showed no degradation but in contrast a slighttydased activity in the presence
of low ethanol concentrations (Cet al. 2008). This was in accordance with
previous reports on the mammalian form of the ereymeing stimulated by
organic solvents (Plishket al. 1978).

To date, beyond food processing, MTGs demonstrateeir ability to
mechanically cross-link highly resistible gelatiased scaffolds (Broderiait al.
2005), whereby cytoxicity was reduced comparedotonétion of gelatin-based
scaffold by radical polymerization. (Barbettat al. 2006) Further well
documented examples for cross-linking with MTG amék proteins like casein
(Boenischet al. 2007), hydroxyethyl starch conjugation (Beshetral. 2009),
gelatin barrier films (de Carvalho and Grosso 20€4h gelatin-nanoclay (Bagt
al. 2009) and matrix proteins in potential medical leggpions. (Collighan and
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Griffin 2009) The use of transglutaminase was alyeeonsidered in patents for
nanoparticle crosslinking (Ainet al. 2007; Aimiet al. 2007). However, no actual

result data was ever published on this potentiatgss attempt. Therefore, the
stabilization of GNPs by MTG was investigated amtassed for the first time in

this study.

3.2 Materials and methods

3.2.1 Materials

All used chemicals like gelatin type A from porcirskin (175 Bloom),
glutaraldehyde and acetone were of analytical geattk purchased from sigma
Aldrich  GmbH (Taufkirchen, Germany). The recombinarmmicrobial
transglutaminase (rMTG) was produced by the grodp Poof. Pietzsch,
Department of Pharmaceutical Biotechnology Hallerm@any. The wild-type
transglutaminase (Activd MTG) was manufactured by Ajinomoto Co. (Tokyo,
Japan). Whereas the phosphate buffered saline (RBf&y was obtained ready to
use from invitrogen GmbH (Karlsruhe, Germany), 12g1Tris(hydroxymethyl)-
aminomethane (Sigma Aldrich GmbH) were dissolvet Irhighly purified water
(HPW) to prepare the 0.1 M Tris-buffer.

HPW was generated by a purélabevice (ELGA LabWater, Celle, Germany)
and filtered with an acrodi€0.2 pm steril syringe filter (PALL lifescience,
Dreieich, Germany). All employed media were stéyili@dtered prior to use to

prevent impurities.

3.2.2 Enzyme preparation

Cultivation of E. coli BL21(DE3) containing the plasmid pDJ1-3 (Maek al.
2007) was carried out in the group of Prof. Pidizddalle using a minimal
medium according to Wilms et al. (Wilnes al. 2001).E. coli pDJ1-3 cells were
adapted to the minimal medium by passaging cetisvgron LB medium (Marx
et al. 2007). In six consecutive cultivations, the portiaf the complex medium
was reduced to below 0.1 %. Cultivation was caroetl at 37°C. For enzyme
expression, the main culture was induced with OM HATG at a post-induction
temperature of 29°C. Cells were harvested and rMES isolated using affinity

chromatography as described elsewhere (Mzral. 2008) with the following
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modifications. 20% bio wet mass was suspended sintdigration buffer,
Proteinase K was used for activation (12 U/g bi¢ nvass, incubation at 37°C for
2h). Eluted fractions were dialyzed against Tri¢fdruand stored at -20°C after
addition of glycerol and glutathione (GSH, finalncentrations 50% glycerol,
2mM GSH).

3.2.3 Production of gelatin nanoparticles

Plain gelatin nanoparticles were prepared by a step desolvation technique
according to the established protocol (Coesteal. 2000; Zwioreket al. 2004)
without subsequent cross-linking by glutaraldehyde.

For controlled addition of acetone to the gelatlugson a Gilson peristaltic pump
Miniplus 3 (ABIMED Analysentechnik GmbH, Langenfeldcermany) was
utilized.

In the process, feeding rates of acetone were rdimfor the first and 5 ml/min
for the second desolvation step. Sediment buidrdfie first desolvation step was
kept below 2.5 g while the pH-value after the secdesolvation step was kept
below 3.0.

As transglutaminase is sensitive to organic sobljeatpurification of the acetone
containing particle dispersion was considered afuadter the second desolvation
step. To eliminate the acetone from the dispersiore approaches were
evaluated.

Firstly, vacuum evaporation was used as a commimbyvn and mild method.
Therefore, 100 ml of dispersion were transferred tound bottom flask 10 min
after completion of the second desolvation steparRaters were set either to
50°C, 200 rpm and vacuum for at least 30 min a25eC, 200 rpm and reduced
vacuum for which a Laborrota 4001 (Heidolph Instems GmbH & Co. KG,
Schwabach, Germany) was used.

As the original protocol devises slow evaporatidracetone over night through
constant stirring at room temperature, this wassicmmed as the second
alternative. Furthermore, evaporation at elevageaperature was performed as a
third alternative to vacuum evaporation by trangfigr 30 ml of original
dispersion to 1 | flat bottom flasks and stirre@oright at 37°C.

Next, the option of direct centrifugation after tesecond desolvation step as a
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rapid method was investigated.

Finally, the last approach comprised a significdiiition of acetone to allow

sufficient enzymatic activity. Hence, 10 ml of thieginal post second desolvation
particle dispersion were diluted with 65 ml of ookethe three different media
HPW, PBS or 0.1 M Tris-buffer. The 10 ml contain@@ g non-cross-linked

GNPs, 5.7 g acetone and 2.8 g HPW on average.

3.2.4 Cross-linking methods

Subsequently, the nanoparticle dispersions from aheve described methods
were equally adjusted to pH-value 7.4 and temperatel6°C, 25°C or 37°C.
Thereupon, the cross-linking enzyme was addedregih@ solution or in powder.
100 pl solution of the recombinant enzymesQ U in 50% glycerol, 1 mM GSH,
150 mM NacCl, 25 mM Tris-HCI, pH 8.0) or 600 mg coemcial powder (1 %
MTG stabilized with 99 % Maltodextrin), equally daming 60 U of enzyme,
were added. Temperature of both enzyme preparatiassither 4°C or -20°C at
the moment of addition to the reaction dispersiond encubation time was set to
48 h.

3.2.5 Particle analysis by PCS and turbidity measurement

To determine the size of the prepared particles)dstrd Malvern ZetasiZeiZS
nano device (Malvern, Worcestershire, United Kingjlevas used for analysis by
PCS. Particle sizes were intensity weighted res(itsaverage) and size
distributions were given as polydispersity indefedgl).

For evaluation of particle sizes during cross-lintkincubation time, prior to all
measurements 100 pl of the relevant dilution weensferred to halfmicro
PMMA cuvettes and completed with HPW to a final urak of 600 pl.
Correspondingly 10 ul of readily purified and comitated dispersion for
subsequent stability studies were added to 590 |HIRW in the cuvettes. Mean
sizes and size distributions (Pdl) were definednaan of three measurements,
each consisting of at least 14 subruns.

Additionally, the turbidity of the samples was maasl with a Nephla Dr. Lange
turbidimeter (Hoch Lange GmbH, Duisseldorf, Germanyyompare the different

rudiments during incubation. Results were giverformazine normalized units
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(FNU). Therefore, 2 ml of each sample were fillatbiround glass cuvettes and
inserted into the turbidimeter at defined intervalfie preceding method of
turbidity measurement gave evidence of the partiokenation. However, the
designated product of discrete particles on thehamal and undesired aggregates
on the other hand both contributed to turbidity aodld not be distinguished by
this method.

3.2.6 Stability tests

Purified and filtered nanoparticle dispersions waikeded into equal volumes for
stability testing at 4°C and 37°C, stored in aigefrator and accordingly in a
Certoma? IS (B. Braun Biotech International now Sartoriu8IBSystems,
Gottingen, Germany).

After certain time intervals, samples were taketh amalyzed for stability by PCS.

3.2.7 Statistical analysis

Data was analysed for difference in turbidity bedwé&ime points of incubation or
between defined temperatures or medium compositising a paired t-test
performed by Prism 5 (GraphPad Software Inc., L@ JOJSA).

3.3 Results and discussion

3.3.1 Effect of purification method on particle integrity

In standard purification of GNPs cross-linked byutgtaldehyde, vacuum
evaporation was previously found to be beneficial @&a method to shorten
processing time. Therefore, it was assumed that iethod could be used in
purification of not yet cross-linked particles &nrove large amounts of residual
acetone of the second desolvation step, too. Hayweagesoon as acetone started
to evaporate at the chosen standard conditionsugwac 50°C and reduced
vacuum at 25°C), dispersion turbidity started tdefaAfter clouding, the whole
dispersion became a transparent viscous gelatiruti@l The particle
characteristic of the dispersion was completely. IBseliminarily, it was assumed
that phase transition and altered solubility led the increasing particle



Formulation development of plain gelatin nanopéstic 67

deformation. As this obviously was a consequencé¢hefapplied thermal and
mechanical stress onto the not yet stabilized @astj further attempts aimed at
less harsh conditions. Hence, vacuum was omittedt@mperature was reduced.
Still, no considerable amounts of particles welvered after this process. The
same effect was observed when directly centrifuging particle dispersion
without any prior thermal stress. Obviously, theofeation was quicker than the
acetone evaporation rate which finally led to geldtssolved in an acetone—water
solution.

As purification after particle formation in the sec desolvation step was
impossible without loss of particle integrity, tlest alternative was to reduce the
percentile amount of contained acetone. PreviouBly, et al. demonstrated that
low amounts of organic solvents such as ethanalatanfluence the enzymatic
activity of transglutaminase in a negative way. @ contrary, percentile
concentrations of 10% Ethanol increased the agtiwhile amounts of up to 20%
added volume of ethanol had no adverse effect €wl. 2008). This was in
accordance with earlier findings, that acetone kmtavbe relatively aggressive in
inducing protein precipitation (Yoon and Mckenz{@3) was tolerated by human
TG in low concentrations as well (Plishiatral. 1978). Consequently, as acetone
Is known to inactivate enzymes in lower concendragithan ethanol, the acetone
concentration in all following trials was kept asvlas at 10% (v/v) by applying a
1:7.5 (dispersion : water) dilution. Therefore, fmignt enzyme activity by

diluting the dispersion with the different mediasygesumably ensured.

3.3.2 Effect of cross-linking parameters during incubatian
The intention of analysing various cross-linkingogess parameters was to
optimize yield of well characterized particles viitla short period of time and to

define simple and reproducible cross-linking coodi.

3.3.3 Turbidity monitoring during enzymatic cross-linking time
Nephelometry (turbidity measurement) was previouddgcribed as feasible to
quantify low concentrated GNP dispersions below dimh (Fuchset al. 2009).
Due to the requirement to keep the acetone pementav, GNPs consequently

were existent in concentrations of 0.25 mg/ml esleHence, nephelometry was
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performed as a quick method to estimate particlantity. In HPW, highly
significant differences in turbidity were found Wween the three investigated
temperatures over each incubation period. Howawessignificant differences in
turbidity were found between samples incubated5dC2and 37°C at the end of
the incubation process after 48 h. Therefore, syEs® batches were treated at
25°C for good cross-linking yield in order to redutiermal stress on the newly
formed particles and consequently to preserve gtricture and stability.
Comparing the turbidity over time in the three eliéint media HPW, PBS and 0.1
M Tris-buffer it can be deducted that the enzymagiaction led to the highest
GNP yield as by turbidity in HPW (Figure 2). For Burbidity stayed low after
21h of incubation and roughly triples until thedirassessment time point at 48 h.
However, turbidity remained at only a seventh & thrbidity achieved in HPW
in the same time. The higher electrolyte conceiomman PBS led to a significant
decrease in enzyme-mediated particle stabilizatResults for Tris-buffer are
significantly higher than those of PBS reaching entiran 20% of the turbidity
value achieved in HPW after 21 h (Figure 2). Tugfr is known as a good
stabilizing medium as it does not have any oxidjzmmoperties and maintains a
pH value of 7.4 beneficial for TG activity. Furth@ore, Tris-buffer is employed
since 1966 to house reactions with TG and to assesgnatic activity. However,
even Tris-buffer cannot achieve the same turbidgyHPW. This effect might be
related to the impact of ions on the particle simd matrix structure. It was shown
earlier that GNPs start to decrease in size ono&arted with ions (Fuchs et al.
2010). Consequently, the gelatin matrix allows kedsibilised rMTG to penetrate
the gelatin matrix and finally stabilize the pde& over all by cross-linking. PBS
featuring a higher ionic strength in comparisor®tb M Tris performed worst in
the cross-linking process. HPW surprisingly appeamgost suitable in this
comparative study at 25°C with the maximum turlyiggached within 21 h. No
significant reduction was subsequently detectedanfithe second to the third
sampling point. Therefore, the enzymatic reactiomswregarded already
completed after 21 h at the second sampling pdiigufe 2). A quantitative
gravimetrical concentration determination of pasticifugation purificated
particle dispersions (1.5 mg/ml £ 0.3 mg/ml) wadygoossible for the samples
incubated in HPW. Concentrations of PBS or Trisiautlerived particles were

too low after purification by centrifugation to eantified.
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Besides the appropriate medium, the most effeatdzetion time in terms of

achieved particle yield was of interest. Therefaréggwer temperature (16°C) and
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physiologic temperature (37°C) were tested. It dmn stated that turbidity
increased over time and with the applied reactwonperature (Figure 3). In HPW
only at 37°C the turbidity increased further frohe tsecond to the third recorded
sampling point. 37°C as incubation temperatureec®@mmended to achieve high
yields.

The turbidity of dispersions prepared with the ccencial Activd™ enzyme
fomulation could not be evaluated because remaicmayse powder particles
disturbed the results. Furthermore, an additionaifipation step was required to
eliminate remaining maltodextrin particles. Consagly, the approach to
crosslink the particles with commercial powder #at’ was not further
followed.

Additionally, the temperature of the added enzymlkiten was critical for the
yield of resulting particles and the particle binlglprocess itself. In case of drop-
wise addition of sub 0°C temperated enzyme solutianticle stability over time
can not be held up which was also demonstrateddbyfdl| values in the relevant
batches (data not shown). Nevertheless, the tetuperaf the dispersion has a
modulating impact. Consequently, batches prepatdugher temperatures like
37°C are less impacted by the colloidal dispersfigct of sub-cooled drops of
enzymatic solution. The chosen amount of MTG waebtan the employment of
glutaraldehyde in standard GNP production wher&@338ng GT were used per
batch (Zwiorek et al. 2008). This equals 0.438 amal consequently can crosslink
a maximum of 0.876 mol residual amino groups wittliea gelatin. Due to the
above described necessary 1:7.5 dilution of thetoaeecontaining GNP
dispersion after the second desolvation step,gbelting amount of amino groups
is 0.1168 mol per batch based on above calculafidre added 100 pul of
recombinant enzyme solution with a given stock ematyc activity of 600
pmol/min/ml should theoretically transform this amb in 31.5 h. However,
enzymatic activity was not expected to entirelyt kst long. Accordingly, as it
could be derived from Figures 2 and 3, a longeulation time than the interval
till the first control sampling point is not indieal due to the lack of a relevant

yield increase thereafter.
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3.4  Particle size analysis during the enzymatic crossaking time
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Fig. 4. Size (bars) and size distribution (curves) duringial particle formation
time with pH-value adjusted to 7.4 and temperatofeadded enzyme of 4°C.
(n=3, £S.D.).

GNPs guality attributes were monitored over an liation period of 48 h. The
chosen time frame was longer than the enzymatticgapresuming took place
in order to provide a safety margin for the detattf possible reverse reactions
and resulting dissolution of the nanoparticlestidity, formed particles featured a
Pdl of about 0.4 indicating an unfavourably broaattiple size distribution
(Figure 4). However, this is significantly diminesth to monomodality indicating
values close to 0.1 at all three following contrehmpling points while
temperatures and stirring at about 300 rpm werd kepstant (Figure 4). In
addition to the decreasing particle size, this destrates sufficiently increasing
particle stability within the enzymatic cross-lingi period. Particle quality
attributes remained constant after contact withetheyme over 15 h. Within this
period, the reaction was presumably completed agnea catalyzed reactions are
accomplished quicker than the standard non-catdlyggetaraldehyde-mediated
cross-linking process.

Combined size and yield results suggest an incobaitne of at least 12 h but do
not point to additional effectiveness of the herapbyed maximum 48 h

incubation period.
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3.4.1 Effect of storage temperature on particle stability

Consistency in size and size distribution is anartgmt indicator for particle

integrity. A resolvation of insufficiently crossaked particles’ gelatin impacts
these key parameters obtained by PCS analysis. itBespo measurement

artefacts at 4°C (Figure 5a), high storage stgbilitrMTG-cross-linked particles

was found (Figure 5a and 5b). In detail, standaegtiadions remained low,

particle sizes constant and PdIls mostly under Td®vards the end of the

monitoring period, Pdls even fell below 0.1 in alhses indicating particle

monodispersity. Consequently, obtained particlessaitable for standard storage
conditions at 4°C as well as at 37°C being the wihygic temperature and

therefore enabling the particles to be wusesh vivo and in

vitro.
4507 A 1l
400 - - 09
350 - - 08
- 07
- 06

Pdl

size [nm]

L\.\.\.\.\.\.\.\

[ o B L L A

R
hy
[ \\.\.\.\.\.\.\q’

229 252 420

time [h]

16C 25T C37C - 4-37C —0— 16T —=—25T




Formulation development of plain gelatin nanopéstic 73

450 F1
b
400 - 0,9
350 4 r 0,8
r 0,7
300 +
— r 0,6
g 250 ~ _
= L ©
(O] ] =3 0,5 o
N 200 [© : i N o i I i e
@ s g2 o i N e - Ha i Foa
Y B SN M B S B Rl N 5% MR S8 M pSS
150 - D T e s e e i s the
S S S L e T e s ‘=~ 0,3
5 T o \ \ \\ \ T o
00 NR INEINFSENENEN BN ENNENESENHN NS T
% 3 3 O S il T 1o e he
-+ . 1 : - :
507 *"l‘: = N e AL N R N8 ot
o b R s g S Ho *”\ I L1 "L
D T Hss o b XX e sl sl R
07 - T - . T - T . T 0

N
[ee]
O
N

160 181 211 229 252 420 712
time [h]

‘ EER16C [E25C  [Eedl37C —0—16C —8—25C - 4A- 37C ‘

Fig. 5. Particle properties size (bars) and size disttibn (curves) upon on
storage stability testing over 4 weeks at 4°C (& 87°C (b) (n=3, +£S.D.).

3.5 Conclusions

Feasibility of transglutaminase as a cross-linkaggent in gelatin nanopatrticle
production was demonstrated in principle. The ahitbstacle, to cope with the
residual acetone, was overcome. Particles of défgize below 250 nm and
narrow size distribution stable in a short rangabiity set up were produced
successfully. The preferable medium for cross-gkivas identified as water
while preferable incubation time and temperatureen#8 h and 25°C - 37°C
respectively. Further improvements in product yiedthd various process
parameters such as a reduction in incubation tiesabject of later formulation
development and upscaling. Summarising, transgiutse widely used in food
chemistry and biomaterial research is also a priogiisalternative in
pharmaceutical GNP production to glutaraldehyde atiter chemical cross-
linkers’ use in clinical studies. Concerning thegmtial immunogenicity, for drug
formulation the application of a human transglutaase is favourable. Therefore,

further experiments are promising using this bialyat.
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Il Enlarging the analytical toolbox for gelatin nanopaticles

1. Basic setpoints in PCS-based nanopatrticle size measment

A crucial precondition for the entire set of follmg experiments that involve

PCS-based size measurements, was the knowledgepo$sible concentration

influence onto received results. Due to the intmiisel 73° backscattering design
(Zetaziser ZS Nano, Malvern, UK), the manufactwepecification promised a
wide concentration and turbidity range of applieabispersions accessible for
substantial data collection. However, detailed nmfation to confirm relevant

concentration independence in nanoparticle sizereh@ation was not obtained
and discussed previously. Especially, the circunt&af the frequently conducted
cationization had an interfering impact should bled out as a precondition for

all further investigations such as standard QC G$ P
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Fig. 1. Correlation between the GNP concentration andRI@&S-determined sizes
of non-cationized (closed circles) and cationizeldged triangles) GNPs (n=3, +
S.D.).

Obviously, the particles size did not change alenthin the applied range of
GNP concentration but stayed constant (Fig. 1). $aeme was found for the

particle size distribution, characterized for Takithe PCS’ measurement fault
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tolerance (2%) and the very small error bars intcoant, no changes are
detectable for the cationized GNPs and almost mmgés for the non cationized
GNPs. Alterations in viscosity were too small ah@entrations below 0.1% (m/v)
to influence the particles’ Brownian molecular mment and consequently their
determined hydrodynamic diameter. The cationizaimoposed a heavy influence
on the particle size though. A 30 — 40% increageainicle size was found for this
batch but even larger increases were found in dtleds (Fuchs et al. 2010). The
direct comparison was appropriate due to the faat the examined cationized
GNPs were derived from the batch of non cationi@®&Ps and thus, were of the
same origin. The found influence of cationization the particle size is

furthermore discussed in detail with the insighdghgd from the ultrasound study

(see chapter Il1.2).
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Fig. 2: Correlation between the GNP concentration and B@&S-determined PDI
of non-cationized (closed circles) and cationizeldged triangles) GNPs.
(n=3,£S.D.)

Along with the size and PDI of GNPs, the condutyivof the applied GNP
dispersion was followed as a side result from Zatdéential measurements.

(Fig. 3)
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Fig. 3: Linear Correlation between the GNP concentratiand the PCS-
determined conductivity of cationized GNPs in HPMB( £S.D.).

However, even though the increae in conductivityinear and significant, the
obtained values are still very low in comparisorekectrolyte solutions like PBS.
For comparison, water featuring conductivity bel@®55 uS / cm was employed
as highly purified water throughout all herein rgpd studies. On the contrary,
PBS exhibited values for conductivity and consetjyerovered all GNP-derived

increases in particle concentration-dependent atiiity.
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2. Ultrasonic resonator technology as a new quality edrol method
evaluating GNPs and nucleic acid loading
2.1 Introduction
Analytical methods to determine the all decisivenopzarticle value, the size,
consist of scanning electron microscopy (SEM), phatorrelation spectroscopy
(PCS), often also referred to as dynamic lighttecag (DLS) and asymmetrical
field flow field fractionation (AF4) coupled with ofti angle light scattering
(MALS) (Fraunhofer et al. 2004). Concentrationsnahopatrticles are determined
by turbidity, gravimetry or, in some limited casdsy, absorption spectroscopy
(Hurst et al. 2007). However, some of these metlsodfer from time consuming
protocols or a limited detection ranges. Thesecagfcies could pave the way for
an alternative method like Ultrasonic Resonatohhetogy (URT).
In this study, size of cationized GNPs and theswdiog by ODNs was evaluated.
The feasibility of GNPs as ODN carriers has beemalestrated previously
(Zillies and Coester 2004).
More precisely, a double-stranded NF kappa B ddgiNA was predominantly
used in the present study which was proven thetepeefficiency in
ischemia/reperfusion injury animal models. Assesgn@ quantitative ODN
loading is a precondition for ratabie vitro or in vivo effects of the employed
formulation, although in some cases loading wagg@ddfrom the transfection
efficiency only (Sokolova et al. 2007). Howeveo, Iineet quality standards
employable in further up scaling or approval byulatpry authorities, detailed
knowledge of the loading status is essential. Theze various attempts have
been made so far to quantify the effective paylmadanoparticles (Table 1).

method advantageous disadvantageous

centrifugation and spectrometric  well established; depending on low in precision, time consuming

analysis of supernatant supernatant analysis:cheap indirect measurement
size - loading correlation quick low in precision
surface charge - loading correlation quick low in precision
AF4 universal, precise time consuming, expensive

Table 1. Advantages and disadvantages of present nanoparictface loading
analytics.
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Separating ODN loaded nanoparticles from the untpowsoluble ODN by
ultracentrifugation (with or without size cut off embranes) has assumed a
prominent role in assessing the loading yield.

The subsequent quantitative analysis of the supmrhéor the soluble portion is
performed by absorption measurement of unmodifiBiN@Zwiorek et al. 2004).
This can be done by quantitative fluorescence arsabf previously labeled DNA
(Hurst et al. 2007) or post separation labeling simekctroscopic quantification by
PicoGreefi quantification kit (Bivas-Benita et al. 2003; Gua. 2006; Huang et
al. 2006; Kaul and Amiji 2005; Perez et al. 200t)other fluorescent setups
including Hoechst dyeing (Sun et al. 2005). Radivac®P ODN labeling is
another reported means (Chavany et al. 1992).da ahencapsulation, the carrier
has to be disintegrated first to set free the tgptantifiable ODN (Kaul and Amiji
2005) or the DNA can be chemically displaced bytiegtthe bonds from the
nanoparticle surface with consecutive quantificati@fter centrifugation
purification (Hurst et al. 2007).

Other studies conducted were based upon a coomldetween particle size
change and varying loading efficiency (Jang et2@D6), a decrease of surface
charge (Giljohann et al. 2007) or on the opticaEFRechnique (Roy et al. 2005).
The same technical approach by centrifugation islelyi common for
determination of protein with follow up ELISA tesg (Cetin et al. 2007) or small
molecule drug loading onto nanocarriers (Petri.e2@07).

A totally different approach to identify and qudntDNA, in its early stage of
development, is the employment of nanopore dev{geshakov and Ivanov
2007). By pulling DNA through the nanopores, itsadfical structure changes and
emerges a ratable electrical resistance signaifgpéar the relevant nucleotide.

Nevertheless a detachment of the DNA from the earsimandatory.

To summarize, the available methods for quantifyiddNA loading of
nanoparticles are partly time consuming and batebe veeparation prior to
determination method could suffer from a lack inwacy (Table 1). The error in
accuracy is likely due to contamination of the sonp&nt with non-sedimented
particles that cannot be ruled out completely by aft filtration. Furthermore,
there is a potential risk that the preparationagamger usable afterwards because

of high sheer forces that impact on particle agatieg during complete
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centrifugation, depending on the employed cariystesn.

Alternatively, AF4 is a proven valuable method teparate and determine
fractions of a formulation (Fraunhofer et al. 200Zblies et al. 2007). Pursuant
to its universal use the surface polyethylenglyecmdification (PEGylation) of
nanoparticles is quantitatively assessable evethanpresence of ODN loading.
Nevertheless, AF4 analysis of polymers and polypagticles is challenging and
time consuming and not suitable for continuous patidn surveillance.
Therefore, an additional new analytical method iombination with the
established techniques for quality assessment mdpaaticulate loading shall be
hereby proposed

The spectroscopic methods described beforehand WS, fluorescence and
absorption) as well as commonly employed infrargeéctoscopy (IR) and
nuclear magnetic resonance (NMR) makes use of reteagnetic waves in
analysis. However, ultrasonic spectroscopy used asirther spectroscopic
method reveals relationships between acoustic&npatand sample’s properties.
It was used for a long time in medical diagnostesl entered into material
science later (Chalikian et al. 1994; Funck etl@P3; Sarvazyan 1991). Due to
data resolution, specimen handling and design bpkito it has taken time for the
ultrasonic spectroscopy to find its way into bioncatlapplication (Negredo et al.
2007). In general, a high-frequency acoustical wayegassed through the sample
leading to material properties related oscillatbognpression or decompression in
the wave which causes again oscillations of thep#&isn molecular structure
(Buckin et al. 2003). The total energy of sound kEygd for this study is
extremely low and is classified as non-destructiugrthermore, as sound waves
(unlike optical waves) permeate turbid fluid formtibns and they are applicable
to practically all pharmaceutical relevant liquictparations.

Ultrasonic spectroscopy calculates the absorptidcheosound wave and speed of
sound through a given sample (Buckin et al. 198f)efs 1992). Both properties
are sensitive to changes in intermolecular intesacand molecular organization
within the sample (Negredo et al. 2007). While sbend attenuation depends on
chemical relaxation phenomena and bulk modulushefdample, in this study
resonating ultrasound is used to determine thedswalocity. The speed of sound
(V) is directly linked to the thermodynamic propedensity ) and mechanical
property adiabatic compressibiliBg via the Newton Laplace equation:
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1
Psp

The thermodynamic considerations used to deterith@esquation of state from

U=

the Laplace equation and the thermodynamic pragsedi the solution have been
conducted previously in detail (Tikhonov et al. 33%or dilute solutions, as
investigated in this study, it is sufficient to ube linear term of the La Place
equation only.

Using differential measurements (Sound velocitgahple minus sound velocity
of reference, e.g. the corresponding buffer) thiatimship between specific
components of the sample and the propagation addbad can be determined. In
aqueous solutions water bound in hydration sheltsease the overall speed of
sound. This is due to the fact that hydration abates negatively to the adiabatic
compressibility while cavities do so positively ke and Noguchi 1979; Gekko
2002). As the adiabatic compressibilgyis reciprocally proportional to the speed
of sound, an increase in hydration leads to areas® in the speed of sound. This
is a simplified model since the contributions of @mponents are measured
simultaneously. In this study, the surface loadoigGNPs was examined and
changes in ultrasonic velocity in the context cdmatpes in surfaces exposed to the
aqueous media were discussed. Hydration shells alste characterized by an
increase in density. This effect was minor compatedthe decrease in
compressibility. Hence, an augmentation in theastinic velocity signal stood for
an increase in agents enlarging the hydration sirethe sample, which consisted
of GNPs, ODN or ODN loaded GNPs in this study (GeRR02). Besides loading
strategies, stability issues of the colloidal systes well as soluble ODN deserved
attention. As an alteration in structure —due tgragation or decomposition- will
likely lead to hydration shell changes. Hence, nwoinig the velocity of sound
might provide valuable information on formulaticm@lsility.

Different ultrasonic velocimetry methods for biomolles have been developed
in the past. Sarvazyan distinguished the sing atauethod and the fixed-path
interferometer (resonator) method (Sarvazyan 198/Mile the first method was
precise, the required high sample volume madeeitfiaient. By contrast, the
resonator method combined high precision measursmeith low required

sample volumes below one milliliter. The resonatw@thod or URT used in the
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present study was incorporated in the Reso3&ystem (Shah et al. 2007). It
was equipped with a temperature-controlled twin @ancell of about 200 pl
volume. A standing ultrasonic wave was created eetwtwo lithium niobate

piezo electric transducers (Figure 1).
) - - - =

\ / = =
Generator Reflector Wave Reflection Standing Wave

Fig. 1 Creating and maintaining the standing ultrasoundvesdby continuous
supply of electrically generated energy betweentww gold coated transducers
in the two instrument’s chambers.

One cell was used as the reference cell, the aheras the sample cell. The
instrument measured the ultrasonic velocity in bo#ils and the software
calculated the difference (dU). Positive valuesdated a faster sound velocity in
the sample than in the reference.

This study should demonstrate that the URT is galyesuited to assess GNP —
medium interactions as well as ODN loading by mumnig the interaction
between the particle surface and the ODN. Encapsuntawere not addressed by
this method, as hydration shells were presumgbst affected by surface
phenomena. Furthermore, it was investigated if UWRSE the need for a sensitive
analytical method for routine analysis of such rmawticle dispersions without

sample pretreatment.

2.2 Materials and Methods

2.2.1 Preparation and characterization of gelatin nanopaticles

Plain non-cationized and cationized GNPs were pegpaccording to the
established protocol (Zwiorek et al 2004; Coestenle2000) as described in
chapter II, 1.2.1. Gelatin, cholamine and 1-EthyB3dimethylaminopropyl)
carbodiimide, (EDC) were obtained from Sigma Aldri{d@aufkirchen, Germany)
and Glutaraldehyde from Fluka (Switzerland). Theocdzation (modified from
Zwiorek et al. 2008) was carried out by attachiegnpanent positive charges by

quaternary cholamine (1 mg / mg GNPs) to the sarfat readily prepared
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spherical plain and processing at a pH of 4.5 anblient temperature for 30 min.
The cholamine binds via amid bonds to EDC activaesidual carboxyl groups
of the gelatin constituting the particles. Therebg zeta potential of the GNPs
changes from negative to positive values.

GNP concentration was determined gravimetricallyeréfore, a GNP dispersion
aliquot of 25 pl was weighed with a Mettler ToletltMX2® microbalance
(Mettler, Greifensee, Switzerland). After evaparatiof the solvent at 60°C the
dry residue equaling the particle content was datexd and the concentration
calculated in mg / ml.

Intensity weighted particle sizes were gained byR@Ging a Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, England).eXolude the viscosity impact
on PCS particle size results, the viscosity of iplrtdispersions of all applied
media was determined individually with an Anton P#MVn® viscometer
(Anton Paar, Graz, Austria). The viscosity valuesraventered in the Malvern
software prior to each PCS measurement. Nanopestiekere diluted in sterile
filtered, highly purified water (HPW) (purelab, EBGLabWater, UK) or in
isotonic phosphate buffered saline pH 7.4 (Dulb&ScEBS, Invitrogen, Paisley,
UK), in isotonic aqueous 2.5% glycerol or 5% gluesslution and measured in
concentrations below 100 pg/ml at 25°C. As a refeee and viscosity
independent method, laser diffraction analysis afd/ ml GNP dispersions was
performed using a LA-950laser diffraction particle size distribution arzgy
(Horiba, Kyoto, Japan). For Zeta potential measer@nbefore and after loading,
GNP stock dispersions were diluted in PBS in a Iat (V/V), filled in folded
capillary cells (Malvern Instruments, WorcestershiEngland).and measured in
monomodal mode for high concentrated salts. Altéral, measurements were
conducted in HPW or 10 mM NaCl employing the gehpuapose mode for data

processing of samples in low conductivity media.

2.2.2 DNA loading onto gelatin nanoparticles

22 base pairs double stranded (MW 7143 g / mohdtfaand 7023 g / mol strand
2) nuclear factor (NF) kappa B decoy DNA or 30 Isasegle stranded 9418
g/mol DNA (Biomers GmbH, Ulm, Germany) were loadedo GNPs in HPW in

various concentrations (w/w). In case of cationigaddPs this process should be
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predominantly electrostatically and self-assemblinghile concerning non
cationized GNPs only weak surface interactions as der Waals bonds can be
taken into consideration. The aseptically prepaa@uples of cationized or non-
cationized GNPs were subsequently incubated foa222°C and 750 rpm using
a Thermomixét (Eppendorf, Hamburg, Germany) device. As the oatition
only addresses the surface of the GNPs, there ggmificant incorporation into
the GNPs bulk expected. Loading efficiency was kbdghotometrically at 260
nm wavelength (UV1, Thermo Fisher Scientific In&altham, USA) of samples’
supernatant after ultracentrifugation and accepifethading was at least 97%

(Wiw).

2.2.3 Turbidity, URT and density measurements

Turbidity measurement was conducted with a Néphiabidimeter type CPG
239.52 operating at 860 nm and detecting scattkghd at 90° angle. (Hach
Lange GmbH, Ddusseldorf, Germany). Results are givan formazine
nephlometric units (FNU) as equivalents of turlyidit

The ultrasonic measurements were made with an acounserferometer (TF
Instruments GmbH, Heidelberg, Germany) featuringvim interferometer with
two identical parallel resonance cavities holdiaghple volumes of 200 ul each.
(Khan 2007) The wavelength of the ground wave isnid \0). This corresponds
to a fundamental frequency of approximately 107 .kHar the determination of
the sound velocity overtones of the order 73 tavéBe used. The reproducibility
of the measurement i8U = 0.020 m/s, while the temperature of the cell is
adjusted to 25+ 0.015 K with a temperature stability a¢f 1 mK. GNP
concentration was varied in size-concentrationticelaexperiments while kept
constant at 2 mg/ml in all loading settings.

Density measurements of GNPs dispersion and withNOéblution were
conducted with a DMA-4500device (Anton Paar GmbH, Graz, Austria).

If not stated otherwise, all measurements wereopadd from low to high
concentrations in triplicate. If error bars are mudicated in figures, they are

below resolution.
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2.3 Results and Discussion

2.3.1 Particle size and concentration evaluation

The first aim of this study was to assess the dhfyabf URT to distinguish
different known particle sizes and correlate uttras velocity with rising particle
concentrations.

GNPs of 245 nm and 442 nm diameter as determineB@§ were diluted to
several concentrations ranging from 0.1 to 10 mgl/and characterized by
turbidity measurement as a reference for the cdratgon evaluation by URT.

A linear relation between turbidity and concentmati was found for
concentrations below 1.25 mg/ml ¥R 0.9948). Above that, saturation was
observed (Figure 2). This finding limits turbiditpyeasurement because even
rather low concentrated GNP dispersions are toqupdo be analyzed by light
spectrometric based devices. Furthermore, thisedethnnot distinguish between

even largely varying particle sizes in the rele\ané range.
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Fig. 2 Concentration curve obtained by turbidity measuneimef two GNP
batches sized 245 and 442 nm over a concentradoge from 0.1 to 10 mg/ml
showing limited linearity (n=3).

When monitoring the compressibility of a dispersiypnmeasuring the ultrasonic
velocity, the influence of the density has to beestigated and be determined in
advance. Therefore, density measurements of GNR4PW were carried out.

The density of the dispersions increased lineaitii woncentration from 0.99720
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to 0.99975 g / cm3. (R 0.9981).
The increase in density results, according to tleetdn Laplace equation, in a

reduction of velocity. This shows that a decreasecompressibility of the

dispersions is responsible for the overall increas®und velocity.

The latter signifies that the particles overall @mte the propagation of sound in

the dispersions. The effect may be attributedntanarease in hydrated surfaces.

However, this model neglects the intrinsic complelty of the particles and

should therefore be considered with caution.

To demonstrate the linear relation between soutatitg and concentration over

a wider range than the turbidity measurement, tkikegion series concentrated

up to 5, 10 and 15 and mg / ml (as determined grawically beforehand) of
three differently sized GNP batches (165, 280, 688 nm diameter) where

prepared, respectively. Additionally, the dilutiomgere investigated with the

intent to distinguish between the dU values of eddhtly sized particles. The

difference in velocity (dU) between HPW and thetipbe dispersions with

increasing concentrations of GNPs was measured pludted against

concentration.

du [m/s]
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3.0 R’ =0.991 -7 R?=09973
2.0

1.0

y = 0.0939x - 0.0161
_ - R*=0.9951
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Fig. 3 Difference in ultrasonic velocity (dU) of GNPs withree different
diameters plotted against concentration: 165 ngn),(280 nm @ ) and 630 nm
@). n=3 for each data point with’Rs> 0.99
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For all particle sizes the ultrasonic velocity (dogreased linearly (R> 0.991 in
all cases) with the particle concentration (Fig8je Direct measurements were
possible from low (0.25 mg / ml) to high concentas (5, 10 or 15 mg / ml,
respectively) extending the linear range up to ftdt-compared to turbidity
measurements without need for dilution. Linearityaswreached up to a
concentration of 40 mg / ml (data not shown). Femtiore, the slope decreased
with the particle size. It is postulated that wkihown concentrations previously
determined gravimetrically it is possible to makeddctions on particle size
distributions by analysis of dilution series ofigeln and even very turbid batch of
GNPs.

However, intensive validation work would be reqdiggior to size estimation by
URT of each single particle batch being under itigaon. On the one hand the
particles’ total surface area accounts for the sggpgesenting slope. On the other
hand URT cannot differentiate whether this surfecef evenly sized or highly
disperse particles. Yet, as monodispersity was detrated in this trial by PDI
values below 0.15 for the examined GNPs, the slagethe batches can be
compared among themselves for size correlation.

Predominantly, as a consequence of the lower casimbéty of the hydration
shell in a GNP dispersion, sound velocity is inseghin comparison to free water.
Therefore sound velocity U rises linearly with heglparticle concentrations and
smaller particle sizes which likely build largerdngition shells compared to larger

particles at the same concentration (Figure 3) kBe002).

The delivery of ODNs is one of the main purpose&hiP usage. Therefore, the
employed cationized form of GNPs allows ODN loadmgfo the surface via
electrostatic interactions. Furthermore, the pesitharge of the carrier facilitates
the cellular uptake of the bound DNA, which, dudtsonegative charge, cannot
penetrate cell membranes on its own (Fraley 2006).

Because GNPs are designed not to act in HPW bphysiological conditions
featuring an ionic strength of about 299 mosm aAkg at a pH of 7.4, the dU of
non cationized GNPs sized 180 nm dispersed in ABfafing physiologic
conditions) was furthermore compared to correspandU results in HPW. Two
batches of cationized GNPs (with average diameaiers67 and 297 nm) were

analyzed, accordingly (Figure 4).
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Fig. 4 Linear concentration curve obtained by URT measernshowing
dependence of dU on GNP diameter and dispersiorniumedith 180 nm non
cationized GNPs in PB® ( ), 180 nm sized non caeal GNPs in HPWl ), 167
nm sized cationized GNPs in PEIS ( ) and 297 madsicationized GNPs in PBS
(@), respectively (n=3, £S.D.).

Non-cationized GNPs dispersed in HPW display a kmalsignificant higher dU
value than in PBS. In contrast, negative dU/dc esluvere found for both
cationized batches. The slope of the larger pa#islzed 297 nm was steeper than
the slope of the GNPs sized 167 nm (Figure 4). pbstively charged amine
groups are presumably neutralized by the chlorit ghosphate ions present in
the PBS (zeta potential is about 30 mV lower thadP& in HPW). This partly
explains the reduction of the hydration effect.

Assuming a density increase with increasing comagah as found for the non
cationized GNPs with an average diameter of 214 (data not shown), this
would mean that the influence of the hydration tagenuch reduced compared to
the density effect. It is known that addition oéalolytes compress the double
layer around the particles.

Examining the Laplace equation, the observed dedidU values of cationized
GNPs correlate to rising compressibility, likelylated to the particle size. To
assess this newly observed particle phenomenon,d@3aser diffraction were
used as essential cross references for parti@ensanitoring.



Enlarging the analytical toolbox for gelatin nandjzdes 89

Therefore, 15 pl stock dispersion of cationized amsh-cationized GNPs

originating from the same batch were added eadhnd solution blends of HPW

and increasing percentile amount of PBS, glycer6P@(m/m) or glucose 5%

(m/m) ranging from 100% HPW to 100% additive.

In this setup, cationized GNPs (> 7 mV measuredBi$) lost up to 17% of their

diameter in PBS measured by PCS. In contrast,riaéd GNPs in the other two
isotonic media and non-cationized GNP (< -2 mV meas in PBS) in all three

examined media, including PBS did not significarthange the particle diameter
(Figure 5).

cationized non cationized

HPW

246.6 nm 179.6 nm
2.11 nm (mean +/- S.D. n=3) 0.46 nm (mean +/- S.D. n=3)

PBS

169.7 nm 152.2 nm
7.91 nm (mean +/- S.D. n=3) 1.55 nm (mean +/- S.D. n=3)

Fig. 5. Hydrodynamic diameter development upon surfacegghand dispersion
medium of Gelatin nanopatrticles all made of the sdatch.

These findings were confirmed by laser diffractianalysis where the same
cationized GNPs decreased in size even by 35 %ewluh-cationized remained
constant in size (data not shown). To get moregiisinto the swelling and

shrinking behaviors of GNPs upon ionic change,rthér setup employed a side
by side PCS measurement with the non-cationized cationized GNPs sized
slightly larger than the previously tested batchjul GNP stock dispersions were
diluted and sectioned into 1 ml batches, each WRNW and PBS respectively, for
PCS measurement.

The cationized GNPs of the same batch show a 4E§érldiameter in HPW than
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in PBS. If exposed to the almost zero osmotic presambience of HPW (0.4

mosm / kg), cationized GNP swell by this value. Ron-cationized particles this

effect is significantly reduced as their size isyancrease by 18%, compared to
PBS). (Figure 5)

This swelling experiment was repeated with the saat®nized GNP batch to

investigate the reversibility and time course o Hize effect. Three samples of
GNPs were stored in PBS for one week at 25 °C. &fugher GNP samples in

PBS were purified by centrifugation (18000 g, '28°C), redispersed in HPW

and stored alike.
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Fig. 6. Curves obtained by PCS measurement of cationizddnan-cationized
GNPs revealing size-dispersion media (PBS, glyceghlicose) dependence
(n=3, £S.D.).

PCS analysis revealed that small percentages (bdlo¥) of PBS in the

dispersion have an immediate effect on the sizbepatrticles (Figure 6). This is
similar for the GNPs that underwent medium exchandePW. After exchanging
PBS for HPW medium the cationized GNPs swell to extent which is

comparable to GNPs stored in HPW form the begin(iliaple 2).
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cationized GNP cationised GNP PBS treated GNP  PBStr eated GNP
in PBS in PBS redispersed redispersed in
initial value 1 week storage in HPW HPW 1 week storag e
at25 initial value at25<C
[nm] 159.68 157.68 221.78 220.80
S.D. 0.81 0.99 1.90 1.05

Table 2. Cationized GNP sizes upon storage in PBS and aftstium exchange
in HPW.

The 10% difference in diameter might originate framsidual PBS after
centrifugation. As shown in Figure 6, small amouotsPBS lead to shrinking.
Therefore, the shrinking and swelling processeseaersible. Due to the fact that
non-ionic but isotonic dispersions show no sigaifitimpact on the particle size
(Figure 5), the osmotic pressure can be ruled suh@ main driving force. This
effect would presumably lead to a less compressitslecture and an increase in
dU/dc which is not evident in this case. Insteads hypothesized that anions of
the PBS medium electrostatically interact with tb&tionized GNP surface.
Apparently, GNP positive surface charge is compeadsand, as counter ions the
anions reduce the electrostatic repulsion withia golymer matrix and partly
condensation is no longer prevented. This principde previously described by
Bloomfield et al. detailing DNA condensation by yelectrolytes based on

Manning’s counter ion condensation theory (Blooidfiet al 1980).

2.3.2 Determination and evaluation of ODN loading onto GN¥Ps

After clarifying plain particle properties accedsiby URT in relevant media, the
binding of ODNs to GNPs of known concentration bRTUwas subsequently
investigated. Previously, to draw conclusions oangies in compressibility from
velocity measurements the density of ODN solutidegendent on concentration
was investigated. Exemplarily, for a 22 base p&a\dn HPW (0 to 0.35 mg/ml)

it was found that the density increased linearly=(0R9811) over the given
concentration range (supplementary material). Tbhese plotting of dU data

against ODN concentration is appropriate as well.
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Fig. 7. dU of a diluted 22 base pairs ODN as a functiorcomcentration from
0.005 to 0.2 mg / ml representing 0.25 to 11 % Jwifwfollowing loading
experiments. Cell 1 = HPW, cell 2 = ODN. (n=3, £5)

The URT measurements were performed with a 22 paiselouble stranded (ds)
ODN (Figure 7). The difference in velocity dU beemeHPW and the 22 base
pair ds ODN with increasing concentrations is shawrFigure 7 where dU
increases linearly with percentile ODN loading o@bIPs (0 to 11 % (w/w))
representing a ODN concentration from 0 to 0.2 mygl./ These data and the
density measurements indicate that the compresgilmicreases linearly with
concentration.

The graph’s x-axis shows the percentile (w/w) ODBEding based on the weight
of GNP in the respective dispersion. The constaviPGoncentration is 2 mg /
ml. This allows the calculation of each ODN concatidn step in mg / ml.

High linearity over the entire concentration ramgdemonstrated. Single stranded
ODN reveals higher dU values (data not shown). Ehigely due to the fact that
the longer single strand can build up more encosipgshydration shell. The
double stranded ODN has less free surfaces foraktipdr because of the intra
ODN interaction. Therefore, an increase in dU diree of a ds ODN solution of
known concentration could indicate a strand seperand therefore negative

stability affections. However, this idea was natlier pursued in this study.
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Instead, the supplementary use of URT was focuseth® interaction of ODNs
with GNPs to gain information about optimal loadipgrameters and to monitor
inconsistencies related to a suboptimal loadingO&@N onto GNP. A first
experiment with GNPs in the presence of 10% (w/ing 80 bases ss ODN led to
an overall instable formulation. Visible flocculati and sedimentation of
macroscopic GNP-ODN aggregates occurred. This canexplained by a
complete compensation of the GNP surface chardarzing of ODNs. It could
be shown by a reduction of the zeta potential effdtrmulation in PBS from +7
mV to 0 mV in the presence of ODN.

The dU value in the presence of 10% (w/w) 30 base©®DN measured directly
after mixing decreased sharply (Fig. 8). Repeagelispersion by a micropipette
in the sample cell led to a short interruption lukttrend of approximately 100
seconds. Using the simple hydration model explaiabdve, the decrease in
velocity can be explained by the aggregation arlbviing sedimentation of
particles, thereby removing surface area from tbkition and reducing the
overall water bound in hydration shells. A decreasehydration means an
increase in compressibility and consequently a edes® in ultrasonic velocity
assuming that changes in density can be neglected.

In addition, subsequently occurring sedimentatiolh affect the propagation of
sound. Since the sediment collects at the bottorthefcell, where the sound
generating piezoelectric crystals are located fifecteon sound propagation is
difficult to predict. Sedimenting particles will ibect in areas of the cell that are
outside the sound path, further reducing the sahacity. However, as soon as
more and more particles build up in the bottom ¢te# this may lead to an
increase in velocity due to an increase in coneéntr between the sound
generating crystals. On the other hand an increatgge macroscopic particles
will lead to an increase in scatter of the soungeniat will lead to a decrease in
sound velocity due to non-adiabatic scatteringf{@lshet al 1997). Consequently,

excessive sedimentation halts the dU signal comlglet
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Fig. 8 dU values plotted against the reaction time forethrsubsequently cell
fillings of samples with 10% (w/wx( ) and 5% (W{@) 30 bases ss ODN loaded
GNP. Cell 1 = HPW; cell 2 = ODN-GNP sample. Arrovepresent refilling ¢ )
or redispersion{+ ) respectively.

As GNP aggregation and subsequently sedimentatmours, the dU signal
concurrently decreases. Without further experimé@ntannot be derived to what
extend both events contributed to the signal. Hamewconversely this
phenomenon can be of use to confirm formulatiodityuaghe absence of a falling
dU signal indicates the absence of sedimentingeggges. Figure 8 also shows
the difference in ultrasonic velocity between HPWd @ stable 5% (w/w) ODN-
dispersion over time. The ultrasonic velocity isistant over the analysed period.
URT can therefore be proposed for monitoring sitgbibf pre-characterized
colloidal systems.

The final goal of this study was to demonstrate URS a suitable tool to
determine ODN loading and to distinguish it froomfsuccessful loading of ODN

onto GNP surfaces.
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Fig. 9: dU in dependence of (a) cationized GNP and (b) catienized GNP
incubated with increasing amounts of ODN. (GNPcemtration constant at 2
mg/ml. cell 1. ODN equivalently concentrated, @IODN loaded GNP 0.5 -10%
(w/w, ODN/GNP) (n=3, £S.D.).

Since URT technology is unspecific and detectschinges in dispersion (e.g.

concentration of any component) a protocol whichnimizes effects from
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volumetric and concentration errors was devisedio@ized and non-cationized
GNPs (in the sample cell 2), which were previouslyubated with ODN, were
measured each against the ODN solution (in theraeée cell 1) in the same
concentrations (w/w) (ODN/GNP) as employed for bading. The difference
between the references and the sample is therefdieed amount of GNPs
present in the sample cell. If there is no intecacbetween the ODN and the
GNPs, the GNPs should lead to a constant differenceltrasonic velocity
independent of the ODN concentration. If an inteoacoccurs the difference in
ultrasonic velocity will change with increasing ORNncentrations.

Figure 9a shows the signal for cationized GNPs. difierence in ultrasonic
velocity decreases with increasing ODN concentnatidsing the hydration model
this can be explained by a reduction of GNP and GibMaces exposed to the
buffer by binding of the ODN to the particles. Figi®b shows the signal of the
non-cationized GNPs. There is no effect on theediiice in velocity with
increasing ODN concentration. This is an indicatibat there is no interaction
between the particle and the ODN. To conclude, GNP preparations well
characterized in concentration and size, the ODadliltg can be estimated after
calibration and subsequently used in routine amalys

As a final comparison, the extent of loading washfer followed by monitoring
the zeta potential values measured in HPW of loackdtbnized versus non-
cationized particles and in 10 mM NaCl as a confddta not shown). As
mentioned in the introduction, measuring the s@fabharge was described in
literature as a possible loading surveillance nebthim the present setting,
cationized particles in HPW exhibit a reductionzeta potential from 36.2 mV
with a 1 % (w/w) ODN loading to 19.2 mV with a 10 d/w) ODN loading
(Table 3). Non cationized GNPs show a reductiomf22.3 mV to 10.6 mV for
the same loading conditions. Linear plotting of tea leads to a coefficient of
correlation (R) of 0.9229 while plotting the zeta potential dafanon-cationized
GNPs leads to a regression wittf R 0.7778. These two “Rvalues differ
significantly because the p-value is 0.01 as detexdhby one factorial ANOVA
analysis from comparison of all’Rralues from all single measurements. This
indicates a different ODN — particle surface intéien most likely due to a
different level of ODN loading onto the GNP surface
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non-cationized GNPs cationized GNPs
loading [%] (w/w) Zeta [mV] S.D. Zeta [mV] S.D.
1 22.30 1.66 36.20 2.76
2 19.20 1.32 34.80 2.73
3 19.30 1.40 33.90 2.08
4 17.10 2.57 27.50 2.16
5 14.10 1.11 28.20 1.05
6 16.20 1.31 24.20 0.81
7 17.00 0.45 24.30 1.68
8 16.40 0.44 24.30 0.51
9 12.40 0.20 22.80 1.04
10 10.60 0.98 19.20 1.86

Table 3 Zeta potentials of ODN loaded cationized and naioo&ed GNPs.

Therefore, the zeta potential method backs URTiriygl yet seems to be less
convenient and accurate (linear decrease withgikiading, see Table 3), while
conversely URT provides linear and consistent tesnlour examples.

As the standard control method, UV-spectrometrialysis of the two GNP
samples was used and revealed the ability of URdigtinguish clearly between
successful and non successful loading. Accordinthéospectroscopic method,
only 2% of the total ODNs were found in the sup@ntof the cationized GNPs,
which supports the URT data of successful loadi@gncerning the non-
cationized GNPs, 40% of the ODN were found in thpesnatant. Remarkable
60% were presumably bound to the GNPs by unspeaifit weak interactions
and/or trapped in the pellet by the fast sedimemabf the particles during
centrifugation.

To summarize, on the one hand URT depends as @eetaethod on existing
absolute methods like PCS, gravimetry and UV-spewttric analysis of
previously centrifuged samples. As described, thesghods partly feature
disadvantages e.g. for formulations sensitive tardagation. On the other hand,
once these methods have been successfully emptoyeslidate a specific URT
setup they are no longer necessary for this vesggss and could advantageously

be stinted in routine analysis.

2.4  Conclusions
URT is ranked a potential quick, non-destructivethmd with a high dynamic
measuring range to determine GNP concentratiorisafvn size as well as the

surface loading status of hydration shell buildengents like ODNs of GNPs.
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However, URT needs to be calibrated for each natiofgasystem by comparison
with described methods like PCS and spectroscopgrefore, the method is
feasible and well applicable for QC of nanopartiblet not of microparticle

procedures in the course of formulation developnoeéitinical supplies.
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3. Evaluating salts of the Hofmeister series regardingheir impact on
GNP particle size alteration and initial immunostimulatory trials
3.1 Introduction and objectives
Findings of the media-depending GNP sizes witha WRT study promoted the
question whether there was a systematic impact hef dispersant media
composition on swelling and shrinking of the callali carrier system. Previously,
PBS turned out to influence the particle size. BeeaPBS consists of a multitude
of salts, a more in-detail study on which particusalts contribute to which
extend to the changes in apparent GNP properties.nfost prominent approach
for protein swelling experimentation, the Hofmeistgeries was used as a
systematic basis for media-associated size albestiThe Hofmeister concept
describes the impact of several salts on precipratf proteins and swelling of
biological material ending up with a “typical ordeg” as depicted in Fig. 1 (Kunz
2010). Yet, it has to be mentioned that the ingmlies was based on salts and not
on individual ions. Moreover, several series weesaloped over the past 120
years and the relative importance of direct ion-lmeractions versus ion-water
interactions are matter of ongoing debate (Kunz0201In the present study,
cationized and non-cationized particles were diluterelevant salt solutions over
a low to high concentration range. On the high ¢héd,employed concentrations
represented the double osmolarity compared to plogsc milieu referring to a
high value of 0.3 M. The extend of size alteratimas expected to be in

accordance with salting-in or salting-out propert the applied ions (Fig.1).
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HOFMEISTER SERIES

Cations

MNH,* b+ Ma* Lit Mg 2 Ca 2t guanidinium*

504 HPO%  acetater  citrater Cl- NOg;  ClOy 0 ClOy  SCHN

Anions

1 surface tension | surface tension

harder to make cavity easier 1o Make cavity

| solubility hydrocarbons 1 solubility hydrocarbons

Salt out (agaregate) Saltin (solubilize)

| protein denaturation I protein denaturation

T protein stability | protein stability

Fig. 1: Sequencing ions in the Hofmeister series accortbrifpeir salting-in and
salting—out effects (Kunz 2010). A selection ofesentative salts was employed

in the present study.

3.2  Materials and Methods:

The GNPs were produced according to the originakguure (Coester et al.
2000). However, the change of manufacturing senfiMunich to Denver, CO,
irequired to adapt some standard production paemiet tools employed.

As acetone tended to boil already below 50°C at9l@@ters altitude, the two
desolvation steps in the nanoparticle formationcess had to be carried out at
about 40-45°C which resulted in so far unassessgdnpal particle property
deviations. Furthermore, deviations in flask andisg bar size and/or surface
characteristics, as well as in the temperaturedded reagents speed and control
of heating and stirring varied from validated paails. Centrifugation tubes had
to be reused over the relevant time period forigartpurifications as all
commercially availably single-use sterile 50 ml gégbwould not fit into the
available Beckman JA-17 rotor while the originalcBean containers were

incompatible with acetone.



Enlarging the analytical toolbox for gelatin nandjzdes 101

3.2.1 Deviations in GNP preparation from the standard prdocol

Particles were made from porcine gelatin A (Sig8a, Louis, USA) under
aseptic conditions in a safety hood with desohagent acetone (Fisher, USA)
and cross linked with thawed glutaraldehde 25% (V#igma). Adjustments of
pH values were conducted with 0.1 N NaOH and HGhwa pH meter (Denver
instruments, Denver, USA). A Beckmann CentrifugéhwlA-17 insert was used
for particle purification by ultracentrifugation at force of 14000 — 22000 g
depending on the applicable particle size. 50 mkrdegation tubes (Millipore,
USA) were washed and autoclaved for reuse.

All particle sizes were determined by a PCS de{®A&S particle sizing system,
Santa Barbara, USA) and calculated involving a Mipo388 software. Particle
sizes are given as a mean of three subsequent regesis each involving at
least 10 -20 subruns. Standard deviations (SDspi&en as means of the SDs
calculated by Nicomp 388 software in the Gaussetigle distribution analyzing
mode.

Particles were measured in an aqueous dispersi@rbgil particle dispersion in
600 ul HPW if not indicated otherwise.

3.2.2 Methods regarding Hofmeister series

Solutions of relevant salts representing promirpgmts in the Hofmeister series
were diluted in HPW according to table 1 in ordercteate solutions in a 0 to
0.3 M molar concentration range. Stock solutionseath salt were prepared

according to the instruction in table 1.
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Type of salt Salt dry substance [g] HPW [ml]
NapSOy 2.131 50
Na-citrate 1.548 20
NaCl 0.350 20
NaClO; 0.638 20
Nal 0.899 20
NaSCN 1.216 50

Table 1: Composition of applied salt stock solutions mgkaoncentrations of

each 0.3 M, listed top down from low to high sajtin salt properties.

2 ul of non-cationized and 4 pul of cationized GN$pdrsion was diluted to a total
volume of 600 ul and transferred into a round sngde borosilicate cuvette for
subsequent PCS measurement. An anticlimactic diigeries of the media were
carried to obtain a dilution row of each individallt solution with molarities of

0.3, 0.2925, 0.2875, 0.275, 0.25, 0.2, 0.15, 0.05,00.025, 0.0125 and 0.0075
mol/l. Solutions were filtered by 0.22 um cellulaseetate filters and checked for
particle precontamination by PCS. GNPs were adddtid ready solution (n=3)

instead of adding salt to a salt-free GNP solutionguarantee complete salt

dissolution.

3.3 Results and Discussion

The selection of salts represents the extremealtfig-in and salting-out as well
some intermediates. Only common sodium salts wesessed at this initial stage
as anions are supposed to be the driving forceakimg proteins to aggregate or
to be solubilized according to the Hofmeister sei€hang 2006).

First, particles were subjected to size measureggnemta pH scale from 3.3 (in
HPW) which represented the storage pH of freshéypared GNPs up to 10.4. No
significant size change was observed for the ndiomuiaed GNPs while
cationized GNPs exhibited a size reduction of up%oe at the higher pH values.
However, as the employed salts feature pH valudisel — 6 range, this does not
apply to the subsequent size measurement resudte, Non-cationized GNPs’
sizes were examined in presence of the selectesdagadgiven in the figures below

(Fig. 2-6) in the sequence from salting out towaalsing in salts.
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GNP hon-cationized in Na2SO4 solution
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Fig. 2: size and variance of size distribution of non-@aized GNPs in N&Q,
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GNP non-cationized in NaCl solution
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(n=3 £SD)
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GNP non-cationized in NaSCN solution
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Fig. 6: size and variance of size distribution of non-@aized GNPs in NaSCN.
(n=3 £SD)

Regarding the above demonstrated results, it castdied that the type of anion
has a significant impact on the particle size atwd distribution. With the
exception of sodium citrate (Fig. 3) all salts l¢achn “initial peak” of increased
size below 0.05 M salt concentration. The extenthes peak increases with the
salt’s “salting in” properties within the Hofmeisteseries. This positioning
indicates that besides the salting in effect, redusurface tension, less protein
stability and an increased risk of aggregationresvalent (Kunz 2010). It is not
yet understood why this phenomenon is restricteth&very low part of the
applied concentration range. Obviously, it is algvétye first and lowest measured
amount of salt that results in the peaks. Viscoaity osmolarity alterations are
supposed to be the lowest here, but due to lesdrine diffusion processes of
the anions into the GNP matrices are probably nefStient in this low
concentration range. Therefore, viscosity and oantglmeasurements need to be
performed along with this consistent finding in erdto clarify the anions
positioning and impact.

Furthermore, the cationized GNPs were subjectede@ame salt solutions as the
non-cationized GNPs and measured alike.
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GNP cationized in Na2S0O4 solution
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Fig. 7: size and variance of size distribution of catieizGNPs in Nzg5O,.
(n=3 £SD)
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GNP cationized in NaCl solution
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Fig. 9: size and variance of size distribution of catiedizsNPs in NaCl.
(n=3 £SD)
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GNP cationized in NaSCN solution
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Fig. 11: size and variance of size distribution of catiedizsNPs in NaSCN.
(n=3, £S.D.).

The size and size distribution measurement restitationized GNPs differ from
those obtained from non-cationized ones. An “ihii@ak” is not occurring with
the one exception of Nal where size is increasedcaincentration of 0.0125 M to
a smaller extend of about 5% compared to up to 200%6 the non-cationized
particles. A possible reason for this finding igttieationized GNPs “absorb” the
medium anions by ion pairing and prevent them teeha surface tension and
subsequent aggregation inducing effect as beingata. However, as the
concentration of the salting-in salt is increasedvily, aggregation tendencies are
dominant as soon as the “absorbance” reservoiepteted. The only exception is
NaSCN showing heavy size increase most likely duaggregation (Fig. 11).
This finding is again in accordance with the Hofstei series as NaSCN is the
most salting-in one on the list. However, the natoir aggregation of this finding
needs to be proven in an additional trial on thesrgbility of size change. If the
size change is completely reversible, this is theopfor swelling instead of
aggregation. If a combination of swelling and aggte®n is the reason, an

incomplete size remission in combination with agvated Pl is expected.
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3.4  Conclusion

Finally, it can be stated that the anion type gjlpnnfluences the particle size
and size distribution while - based on this prehiany data- the pH alone does not.
It is proposed to conduct follow up experimentsheck consistency of the newly
found size changes and aggregation tendencies vareyus batches produced
under standard conditions and to rule out intarteroxidative and reductive
processes. Nevertheless, the present data is andare with the initial findings
on the existence and reversibility of ion-inducedFGsize changes (Fuchs et al.
2010). Methods such SEM for absolute size confaonawould be desirable in
future. However, careful validation would be reguirto assure that the obtained

GNP sizes in dispersion translate to dry samplasiwdre required in SEM.
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4. Imaging techniques for nanocarriers

4.1  Survey on options to track nanoparticle biodistribttion

A successful therapy is globally characterizeddgching the pathogenic target
vivo (Debbage 2009). Nanoparticles offer a multitudenddilable techniques not
only to target but also to effectively monitor thgstem’sin vivo fate (Pauwels
and Erba 2007). Imaging can generally be providgdalsignal emitted by a
modification responding to external excitement ksuas fluorescence or
ultrasound resonance- or an intrinsic signal likeegnetic or radioactive radiation.
Especially fluorescence imaging is a very quickioleing field in in vivo
analysis with a focus on oncology (Weissleder aittetP2008). But certainly
fluorescence contributed to cellular imaging asl yatdrifying cellular uptake and
intracellular localization both in fixed and livingells (Thurn et al. 2007). For
instance, the fluorescence signal of tetramethglantine conjugatediextran
labeled GNPs allowed the endolyzosome localizatiomurine dendritic cells by
confocal laser scanning microscopy (Coester et 28l06). This was the
precondition for further endosome-based TLR-9 tingefor immunostimulating
strategies (Zwiorek et al. 2008). The same teclerguealed the uptake of Alexa
labeled GNPs by isolated liver resident Kupfferlseds decisive for decoy
oligonucleotide delivery (Hoffmann et al. 2009;li&$ 2007).

Knowledge about the intracellular location of thémenistered drug delivery
system in total is crucial to correlate its effeatsh the observed physiologic
outcome. In this case, the immunostimulatory actmin NP-bound isRNA
presumably needs interaction with the pharmacodymaarget receptor, the
endosome-based TLR-7. Previously, Coester etral demonstrated a possible
endosomal targeting of plain, unloaded GNPs in deactells generated from
murine bone marrow cells (Coester al. 2006). Therefore, murine DCs were
incubated for 24h with TMR-dextran GNPs and followby fluorescence-
labeling with FITC-concanavalin A for cytoplasm mamane staining and with
lysotracker blue DND-22 for endosome staining.

Based on the general understanding that colloidag darrier systems taken up by
phagocytosis remain in the endosomes (Maitra 2005pmplete co-localization
of the TMR—dextran labeled GNPs with the lysotracktained endosome. But a
closer look at the CLSM overlay also reveals arcl#ae fluorescence that is not

co-localized with the red stained nanoparticlegs Tiformation confirms that not
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all endosomes are involved in the uptake proceptagi GNPs.

Of subsequent interest was if oligonucleotide (Od¥)ded GNPs (see chapter
IV, 1.1) can be localized as well in cells capabfephagocytosis. Therefore,
GNPs were labeled with Texas red and loaded (2v&84]) with Alexa Fluor 488
labeled ODNSs. Kupffer cells generated from ratdiweere incubated with these
GNPs and subsequently stained for nucleus (Hoe8B342) and endosomal
membrane (Vibradt' Did cell staining). From the overlay of single QUS
channels a co-localization of GNPs, ODNs and enadesowas derived (Zillies
2007).

Furthermore, fluorescence microscopy could providermation beyond static
cell evaluation, but also in an vitro flow model where bloodstream-like sheer
forces can be simulated (Schultes 2009). In sugciditions, endothelial cells
adherent to the capable microscopic slide exprefsraht surface protein
patterns compared to static conditions. Therefoed;GNP interactions can be
more realistically evaluated which is of particulaxportance for endothelium
targeting in  nanoparticle-mediated  anti-neovasa@dfion  strategies
(Schultes 2009).

For in vivo fluorescence imaging, macroscopic systems sucfluasescence
reflectance imaging devices for surface use (up-fFomm depth resolution) and
tomographic fluorescence devices such as FMT wilgigh reconstruct three
dimensional maps of fluorochromes are available i¢¢feder and Pittet 2008).
The latter is quantitative and can be combined wifR for betterin vivo
localization (Weissleder and Pittet 2008). Howevssm a regulatory point of
view, radionuclide labeling is the only techniqumatt can give full quantitative
mass-balance information after administrationvivo (Hargreaves 2008). Its
major ability is to account for the full administer dose and its fate which is
detrimental for drug safety (Brindle 2008). Radabréling of nanoparticles
requires a chemical conjugation of appropriate temst Technically, either a
radioisotope is introduced into the biological stre such as‘{F]-Fluor-Deoxy-
Glucose and coupled to the nanoparticle or a mratiibnuclide is bound via a
chelator to the carrier.

So far, biodistribution studies were mostly carragt on small animal models
(Schnockel et al. 2008). Traditionally, the dose dddionuclide-based

nanoparticulate formulation was administered, gsswere sectioned post mortem
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and tissue gamma counting was performed. For diftetime points of interest,
sets of new animals had to be scarified (Frand. 2088). While this method is
accurate to reflect the distribution at a speatfizment, it does not allow studying
distributions over time within the same living amim Therefore, positron
emission tomography (PET) as well as PET combinigd @@omputer tomography
(PET-CT), a technique already in use for human rbatics in oncology was
applied for small animal use as a non-invasiveesgstor online whole body
monitoring (Riemann et al. 2008). This system usesonuclides that undergo a
B* decay such aSFin deoxy-glucose ot*Cu, °®Ga or**lin as metal radionuclides
which emit a positron. This positron gets annikitht when inevitably
encountering its ubiquitary antiparticle electrontie tissue. In the annihilation
event, two gammaphotons are created and departlélce of origin in a 180°
angle. The PET scanner subsequently detectsdhi®fphotons simultaneously
and correlates this double event of detection ¢osthgle place of origin. Readout
electronics assist in creating a 3D picture ouhefsum of all detected events at a
time. Resolutions reach below 1 mm.

Zwiorek et al. employed both the PET and thevivotissue sectioning as a
quantitative reference to track nanopartictesivo (Zwiorek 2006).

The strategies for optimized radiolabeling of naartiples by grafting specially
designed ligands capable of binding radionuclidesdordination foiin vivo PET
imaging were shown by (Sun et al. 2007).

Kaul et al found prolonged blood circulation tinldSGNPs when decorated with
5 kDa PEG (Kaul and Amiji 2004). Furthermore, higire vivo p-galactosidase
gene expressions and consequently superior tuanasfaction as per colorimetric
enzymatic activity assays were found in a GNP-bagste delivery attempt to
target tumors when the carrier was PEGylated (5k@hich led to their
conclusion of a PEG-related better passive tummgetang. Kommareddy linked
the anhydride of diethylenetriaminepentaacetateR®Tas a chelator to both
thiolated and 2 kDa-PEGylated GNPs {dfin radiolabeling (Kommareddy and
Amiji 2006). Moreover, PEG-modified thiolated GNRgere found to show
sensitivity towards reducing environments and tfeetured a tumor-selective
accumulation. Summarizing, half-lives upon i.v. adistration exhibited to be
higher for the PEGylated and thiolated protein memticles in comparison to

PEG-only modified or plain particles. In paralldigh percentages of injected
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dose per gram organ tissue were reduced in splegringer depicting a lower
undesired accumulation of the carrier here. Howeagroof for the coexistence
of particle and radionuclid@ vivoas a fundamental precondition for activity data
interpretation was not given yet. This should bpleamented by the present study
involving double-labeled GNPs both with a radiomleland fluorescent dye.
Furthermore, the benefit of PEGylation for enhancadoparticle biodistribution
was not yet confirmed to be a general rule and lshba assessed for GNPs
hereby. Besides these points, this study was tafyclavhether the starting
macromolecular of gelatin or the nanoparticulatpghcontributed predominantly

to GNP circulating properties after i.v. administra.

4.2 Materials and Methods

4.2.1 Preparation and characterization of PEGylated gelah nanoparticles

4.2.1.1  Preparation of PEGylated gelatin nanopatrticles

First, a 0.2 M borate buffer was prepared as fadto:50 g of boric acid were
dissolved in 200 ml of HPW under stirring. The plasaadjusted to 8.5 with a
40% solution of NaOH. Afterwards, about 250 pl of & (w/v) solution ofo-
methoxye-aminopoly(ethylene glycol) (13 000 Da) in borbtdfer pH 8.5 were
prepared (PEG solution). Then, the aqueous GNRdiEm and the PEG solution
were mixed in Eppenddff tubes in three different weight to weight ratit.3,
1:0.2 and 1:0.1. 24 pl, 16 pl and 8 pul of the PE@BtoON were employed,
respectively. Each tube was finally filled up to080l with borate buffer pH 8.5
(in a variant approach each tube was filled up rity @00 pl). Incubation was
performed under constant shaking (800 rpm) foeastl two hours at 35 °C.

4.2.1.2 Characterization of PEGylated gelatin nanoparticlesvia PEG

assay

At first, two basic solutions were prepared asofol: 5.00 g of BaGlwere
dissolved in 100 ml of 0.1 M HCI by shaking (BaGblution). Furthermore, 1.25
g of I, and 2.00 g of KI were dissolved in 100 ml comgietiesalted water under

overnight stirring (iodine solution). About 250 g a 1 % (w/v) solution ofx-
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methoxye-aminopoly(ethylene glycol) (13 000 Da) in 0.2 piftefed HPW were
then prepared. 50 pl of this solution and 450 pbofate buffer pH 8.5 were
mixed in an Eppendoff tube (PEG solution, 0.1 % (w/v)). Afterwards, the

following solutions were each pipetted in an exag:

borate buffer pH 8.5 PEG solution,
[un 0.1 % (w/v)

]

1 720.0 -

2 718.2 1.8

3 716.4 3.6

4 714.6 5.4

5 712.8 7.2

6 711.0 9.0

7 707.4 12.6

Table 1: Scheme for the preparation of a PEG standard curve

As a reference to the PEGylated GNP, the same wlomMGNP dispersion
already used for the preceding PEGylation was fggen an Eppendoff tube
and mixed with 720 ul of borate buffer pH 8.5. Aftke centrifugation (25 155 g
for 15-30 min) of the reference and PEGylation ¢8|l of each supernatant
were transferred into Eppendbfftubes and mixed with 684 pl of borate buffer
pH 8.5. Then, 180 ul of Bagsolution and another 180 ul of iodine solutionever
added. The solutions for the standard curve wexe taéated in this way. At last,
300 ul of the reference, PEGylation and standamdecgaps were each triply
plated on a 96 well plate and immediately red oithva photometer (Tecan
Systems Inc, San José, USA) at 590 nm.

4.2.2 Preparation and characterization of PEGylated and tycine-linked
GNPs

4.2.2.1  Preparation of PEGylated and glycine-linked GNPs

The starting PEG solution was prepared as 600 pl@8 % (w/v) solution od-t-
butyloxycarbonylaminas-carboxy succinimidyl ester poly(ethylene glycol)
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(11700 Da) in borate buffer pH 8.5 were preparelot 1 ml of a 0.1 % (w/v)
solution of glycine in 0.2 um filtered HPW was atsmfected as an amino-group-
carrying model for this coupling trial. 19 pl ofighsolution were then pipetted
into the PEG solution so that a molar excess ofige/was existent. Incubation
took place for 60 minutes at 28 °C and under conmsshaking (750 rpm).
Afterwards, 40 ul of 2 M HCI were added and shakiras continued for another
30 minutes. The pH was finally adjusted to 8.6 wlitM NaOH and the solution
was diluted to 0.1 % (w/v) of PEG. So, it was usedPEGylate fluorescent-
labeled GNP analogous to the standard preparatmiognl. However, this time
volumes of 240 pl, 160 pl and 80 ul of the glycimed PEG solution were

necessary.

4.2.2.2 Characterization of PEGylated and glycine-linked gkatin

nanoparticles via TNBS assay

First, a 0.1 M borate buffer pH 9.2 was preparedlisgolving 2.00 g of borax in
approximately 90 ml of HPW by heating and underriaty. When this solution
was completely cooled down to room temperatureh&urHPW was added until
the 100 ml mark was reached. Thereafter, abouO1u0@f a 0.1 % (w/v) solution
of glycine in 0.2 um filtered HPW were prepared0 10 of this solution and 900
ul of 0.2 um filtered HPW were mixed in an Epperidbitube (glycine solution,
0.01 % (w/v)). Afterwards, the following solutiomgere each pipetted in an extra

cap:

borate buffer pH 9.2 glycine solution,
[jl] 0.01 % (w/v)

[ul]

1 640.0 -

2 633.6 6.4

3 627.2 12.8

4 620.8 19.2

S 614.4 25.6

6 608.0 32.0

Table 2: Scheme for the preparation of a glycine standanve.
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After the centrifugation (25 155 g for 10 min) tietsample caps, 288 ul of each
supernatant were transferred into Eppendbtfibes and mixed with 352 pl of
borate buffer pH 9.2. Then, 200 ul of the samplé standard curve caps were
each triply plated on a 96 well plate. Right beftire photometric analysis at 405
nm, 2 pl of 2.5 % (w/v) 2,4,6-trinitrobenzene saiwacid (TNBS) solution were
added to each well.

4.2.3 Preparation of DOTA- and RGD-linked radio labeled gelatin
nanoparticles

All experimental work related to radioactivity améhs conducted in cooperation

with the group of Prof. Wester, Department of Nacl®ledicine, Technical

University Munich. The DOTA-Ga-labeling concept wasceived together with

Dr. J. Auernheimer. Injections, sectioning and PiTaging of animals were

performed by veterinarian K. McGuire and admittéaffs

At first, about 1.1 ml of a 0.1 % (w/v) 1,4,7,1Qre@mzacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) isothiocyanate (NCS) saltiin dimethyl sulfoxide
(DMSO) were prepared (DOTA-NCS solution). About 1 of a 0.1 % (w/v)
arginine-glycine-aspartic acid (RGD) solution in was also confected
(RGD solution). Both solutions were stored at - ZD Furthermore, a third
solution consisting of 1650 ul of 0.1 M HCIl and 1%0 of 2.5 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPBouffer was prepared
(reaction solution). Thereafter, a volume of aqeduorescence labeled and
PEGylated GNP dispersion according to 1 mg of ceteb}t dried particles was
twice pipetted into an Eppenddff tube and mixed with 20 ul of DOTA-NCS
solution and another 20 pl of RGD solution (in &iant approach no RGD
solution was added). Then, both reaction tubes Wilkzd up at 400 pl with 0.2 M
borate buffer pH 8.5. Alternatively, RGD was firsbupled to PEG and
subsequently the construct was coupled by at pHt®&.the GNPs (Fig. 1).
Incubation took place for 4.5 hours at 36 °C andeunconstant shaking (750
rpm). Finally, the particles were purified by cefuigation (20 000 g for 8 min)
and redispersion in 400 pl of 0.2 um filtered HPWhey were stored as

dispersion in darkness at 4 °C. Right before appba, this dispersion was
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centrifuged again at 13 000 rpm for ten minutesréldas, Langenselbold,
Germany). Then, the sediment was dissolved in 156 eaction solution. After
the addition of 1650 ul of Ga-68 eluate and 150f2.5 M HEPES buffer, both
samples were incubated for ten minutes at 80 °@niwil bath. Afterwards, they
were centrifuged again at 13 000 rpm for nine n@ayin a variant approach two
purification steps by centrifugation were employdtgch sediment was dissolved
in 200 pl of 0.9 % (w/v) NaCl solution. The resangidispersions were finally
filtrated through a 5 um filter and 100 pl were teddled into a syringe.
Radioactivity was measured with a CRC 15-R dosébredabr (CAPINTEC,
Ramsey, USA).
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Fig. 1: Reaction scheme for a RGD-PEG construct coupledad@NP surface

4.2.4 Preparation of Alexa 633 and""'in-labeled gelatin in solution

Fluorescent labeling by covalent coupling of Al&&8 (Invitrogen, Carlsbad CA,
USA) to gelatin molecules was carried out after firet desolvation step

according to the standard protocol. Afterwards, db&atin gelatin solution freed
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from the low molecular weight fraction was allowedreact with DOTA-NCS
100:1 (w/w) in borate buffer 0.2 M at pH 8.4 foh2After covalent binding of the
chelator to the macromolecule, the radiolabeling parformed by the addition of
0.2 M NHsAc buffer till pH 4.5 was reached and 40 pl dfin solution for
radionuclide introduction at 80°C for 10 min. Tot@lume did not exceed 1.5 ml.
After radiolabeling, fractionation and separatioani free'*in was performed.
Finally, 12 fractions of 1.0 ml each were collectdter introducing the 1.5 ml
reaction volume and 12 ml of HPW onto disposable 1®Ddesalting columns
(medium: SephadéXG25; GE Healthcare Europe, Munich, Germany). The
fractions were subsequently analyzed for contaiaetivity by the CRC 15-R
dose calibrator and further used depending on theasured activity.

4.2.5 Biodistribution study via non-invasive positron emssion tomography
(PET)

GNPs tumor-bearing CD-1 nude mice (Charles Rivéirhresle, France; M21
melanoma cells injected s.c. in house) were firststhetized with 2 % (v/v)
isoflurane and fixed on the PET examination taBRO ul of*®Ga-labeled GNP
dispersion (were then injected subcutaneously Bh\saway from the tumor. PET
pictures (small animal PET MOSAIC, Philips Healtteza Eindhoven,

Netherlands) were taken over a period of two hours.

4.2.6 Conventional biodistribution study viay counter

Bulb/c mice and tumor-bearing CD-1 nude mice waresthetized with diethyl
ether. After 100 pul of GNP dispersion or gelatituon were either injected into
the tail vain (bulb/C mice for biodistribution stad) or subcutaneously 0.5 cm
away from the tumor or on the opposite body sit®-IChude mice for tumor
targeting study), the mice awoke from narcosis sumdived further 2 — 24 hours
before they were scarified by GAPET mice were scarified the same way. Then,
the following organs and were explanted and exathusing ay counter (Wallac
1470, Turku, Finland): heart, lung, liver, pancregseen, kidney, adrenal gland,
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bladder, muscle (tumor and opposite body site)matd, small and large

intestine, tail and not least tumor. Also blood amnide were investigated.

4.2.7 Confocal laser scanning microscopy (CLSM) of tumotissue

After the organs were explanted and radioactivigswletermined via counter,
tumor tissue frozen sections of 10 um of thicknesee prepared and stained with
Hoechst 33342 to identify nuclei. Consecutivelgythivere examined with a Zeiss
510 LSM NLO confocal laser scanning microscope (Cagiss Microscope

Systems, Jena, Germany).

4.3 Result and Discussion

4.3.1 The impact of particle size and concentration on ladistribution
Intravenous administration of nanoparticles desereareful evaluation of
possible risks by particle accumulation in seneitargans and aggregation in
spots of the circulation system that might causeéesimed side effects. Zwiorek
observed a massive lung accumulation of positivélgrged®F-labeled GNPs
(Zwiorek 2006).

Consequently, a new challenging scenario with aeotmation of 2 mg/ml and
large®®Ga-labeled GNPs of 390 nm was approached in theriment reported in
Fig. 2.
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Fig. 2: (A) Ex vivo biodistribution of°Ga-labeled GNPs of 390 nm after 4 h of
L.v. injection in bulb/C mice (n=3, + S.D.). Themswf individual organ values
exceeded 100% to some organs’ weight below 1.gMatched CLSM and
autoradiography pictures confirm GNP accumulationtie lung but not in liver

tissue.

Clearly, after 4 h almost the whole injected dosdegl up in the lung. Although
the animal survived till the time point of sacréigvithout any clinical symptoms,
this situation constituted a potential danger. €fwe, concentrations were kept
below 1 mg/ml in all further applications and irtgat volumes did not exceed 250
ul even for the PET examinations to ensure not rtteaa 250 pug of GNPs enter

the bloodstream at a time.

4.3.2 Quantification of PEGylated gelatin nanopatrticles va PEG assay

PEG-coated nanoparticles are expected to exhfmblanged circulation in blood
so that a better targeting effect towards tumolscedn be achieved (Torchilin
2007). As PEGylation of drug carrier systems wakuised to provide further
advantageous effects, this study focused on PE&/GNP both for s.c. and i.v.

administration.

Before the firsin andex vivoexperiments with PEGylated GNP were started, we
tried to establish a method for the indirect quaraiion of successfully bound
PEG based on the Childs assay (Childs 1975). Torereén aliquot of aqueous
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GNP dispersion was incubated with a solution ofmethoxye-
aminopoly(ethylene glycol) in borate buffer so thfa residual aldehyde groups
on the GNP surface reacted with the terminal PE@Gamgroups (Fig. 3). GNPs
were then separated via centrifugation. Finallye tupernatant theoretically
consisting of only non-bound excessive PEG in leohatffer was further diluted
and photometrically analysed after the additiobath, BaC} and iodine solution.
With the aid of a standard curve (data not showr®,amount of non-bound PEG
was determined. This rendered possible to make asersént concerning

PEGylation success.

+ mMPEG-NH,

> 2h, 35 C, pH 8.5, 800 rpm

-

Fig. 3: Reaction scheme for the PEGylation of GNP; mPB&:NCH3O-
(CHCH20),-CH,CH2-NH,.

Fig. 4 shows the percentage of non-bound excesBE& in six different
PEGylation approaches. Three different PEG:GNP hteig weight ratios were
investigated as well as two different total PEGglatvolumes. Every data point
in the figure below displays the mean of threevitiial samples. Measurement

data was obtained in time intervals of one minute.
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Fig. 4. Percentage of non-bound excessive PEG in sierdift PEGylation
approaches; 0.1/0.2/0.3:1: weight to weight ratib REG:GNP, (1): 800 pl of
total PEGylation volume, (2): 200 pl of total PE@ybn volume; each point
represents the mean of three individual sampleS)n=

As values indicate, far more than 100 % of non-lbb®&G [see 0.2:1 (1) and
0.1:1 (2)] was found as artefacts. Consequently,ghantification method should
be considered critically. False positive values iobsly contribute to non-
representative results. Due to the fact that thises for these results still remain
unclear, future quantifications of successfully hdEG should be carried out by
another method. Asymmetrical flow field-flow framtiation combined with
refractive index detection for example is an esthdeld method for the
quantification of PEGylated GNP drug carrier syste(@illies et al. 2007).
Nevertheless, this assay permits to make sometapnadi statements. Thus, a
smaller total PEGylation volume seems to be monealsle for a successful
PEGylation than a larger one. Also PEG:GNP ratiosore than 0.1:1 in 200 pl
of total volume lead to better PEGylation resulst least, the assay does not
depend on time as we first expected because okadsag absorption values.
Further experiments (data not shown) confirmed liyjsothesis by showing that
the results for the amount of non-bound PEG wemgosi constant over a time
period of at least half an hour.

However, a further PEG assay experiment showed @yREon success of
approximately 91 %. This time, a-t-butyloxycarbonylaminas-carboxy
succinimidyl ester poly(ethylene glycol) was usetsteéad of a-methoxye-
aminopoly(ethylene glycol). Future experiments valow if this approach is

generally superior to the one generally employetbree Reproducibility for
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example needs to be tested in more detalil.

4.3.3 Quantification of PEGylated and glycine-linked geléin nanoparticles
via TNBS assay

The use of peptides as targeting agents leads focamased intracellular drug
delivery in different murine tumor models. In thetudy, GNPs were therefore
coupled to RGD which is the ligand of cell adhesiegrins on endothelial cells
(Peer et al. 2007).

It was aimed to quantify successfully bound RGDuking the TNBS assay, we
first had to find a model peptide or amino acid tieacts the same way RGD does

but is less expensive. It was finally decided wofaof glycine.

At first, a molar excess of glycine was incubatedhwa solution of o-t-
butyloxycarbonyl-aminas-carboxy succinimidyl ester poly(ethylene glycot) i
borate puffer so that the glycine amino groups walewed to react with the
terminal carboxyl succinimidyl ester groups. Thétexra 2 M HCI was added to
free the boc-shielded PEG amino groups. The raesulsiolution was finally
alkalized again and diluted so that it could bedufse the PEGylation of GNP
analogous to the reaction scheme described in Fid\fterwards, GNPs were
separated via centrifugation. The supernatant waghdr diluted and
photometrically analysed after the addition of TN&$ution. As TNBS generally
binds to free amino groups, not only residual gigcmolecules are detected.
Glycine-linked PEG molecules that did not bind he &aldehyde groups on the
GNP surface also give positive results due to tiree PEG amino group. This
renders it possible to make a statement conceithiguccess of GNP glycine-
linkage. Whether glycine was directly bound to NP surface or via a PEG
spacer can not be determined with this assay. Tdrera combination of both,

PEG and TNBS assay is recommended for further erpats.

Tab. 3 shows the amount of non-bound excessivenglyand glycine-linked PEG

per well in three different PEGylation approach€bus, PEG:GNP weight to
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weight ratios of 0.1:1, 0.2:1 and 0.3:1 were iniggded. Every calculated value
displays the mean of three individual samples.

PEG:GNP ratio 0.1:1 0.2:1 0.3:11
non-bound glycine
and glycine-linked -0.170 0.072 0.183
PEG per well [ug]

Tab. 3: Amount of non-bound glycine and glycine-linked@ger well [ug] in
three different PEGylation approaches; 0.1/0.2/0:3weight to weight ratio of
PEG:GNP; every calculated value displays the mefathiee individual samples
(n=3).

Although the amino acid was initially added in alane@xcess, no residual glycine
or glycine-linked PEG could be determined whenRE£:GNP weight to weight
ratio was 0.1:1. Glycine that was not coupled tdGPEas presumably directly
bound to the GNP surface. In the next investigateight to weight ratios of 0.2:1
and 0.3:1 residual glycine or glycine-linked PEGildobe detected, respectively.
In both cases, the possible amino group bindiregs o the GNP surface seemed
to be saturated. According to this, the weight wight ratio of 0.3:1 led to a
larger amount of excessive glycine or glycine-lhkieEG than the weight to
weight ratio of 0.2:1 did. Due to several dilutiand pH adjustment steps during
the preparation procedure, we were unfortunately alole to retrace the
concentration of glycine in the PEGylation solutidimerefore, the results could

not be presented in percentages.

4.3.4 |n vivo and ex vivo studies of s.c.-administered modified GNPs

In the following experiments, we continuously enyad fluorescence and
radioactive labeled GNP to track biodistribution tummor-bearing CD-1 nude
mice. That way, the success of an active tumoretarg could be proved. Our

main results are presented below.
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4.34.1 Biodistribution study via non-invasive positron enission

tomography (PET)

In comparison toex vivo experiments, PET offers the possibility to follow
biodistribution in living individuals. PEGylated @arfluorescence labeled GNPs
were therefore coupled to DOTA-NCS and RGD. Thenfar was absolutely
necessary because it directly binds deprotonateshcamgroups on the GNP
surface and complexes later added radioactive Gh#&&an be detected by PET.
RGD was incidentally added due to its supposedadttimor targeting properties.
Finally, 100 pl of the radio-labeled GNP dispersiparified from free,
uncomplexated radionuclides were administered gfabeously to a tumor-
bearing CD-1 nude mouse. Injection took place Orbaway from the tumor.

Thereafter, PET pictures of the anaesthetized maase taken over a period of

two hours.

injection site

_|_

Fig. 5: CT picture (left) of a tumor-bearing CD-1 nude use (posterior view)
and PET pictures (right) indicating GNP biodistriilmn one minute post injection
(top) and 120 minutes post injection (down); thetymes aren’t identical in scale.

Fig. 5 firstly shows a computer tomography (CT)tyie (left) of a tumor-bearing
CD-1 nude mouse in posterior view. The tumor ad althe injection site are

marked. Further, PET pictures (right) indicating ISNiodistribution one as well
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as 120 minutes after s.c. GNP application are nmappkey confirm that GNP
remain at the injection site where they form a depopartially immigrate into
tumor tissue. Due to the half-life of Ga-68 (68.;)nthe PET picture down right

shows a lower signal than the one above.

4.3.4.2 Conventional biodistribution study viay counter

In this study, we examined murine GNP biodistribnti by measuring
radioactivity with ay counter in several organs explanted 120 minutes afc.

injection of a radio labeled GNP dispersion.
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Fig. 6: Biodistribution of Ga-68 labeled but non-RGD-letk GNP (180 nm) in
tumor-bearing CD-1 nude mice 120 min after s.ceatipn either on tumor side
(blue) or on the opposite body side (purple; % IDAgach point represents the
mean of three investigated mice (n=3 +S.D.).

Fig. 6 shows the biodistribution of Ga-68 labelad hon-RGD-linked GNP of

180 um in diameter in tumor-bearing CD-1 nude mitke GNP dispersion

(radioactive yield: 65 %) was either injected suboeously 0.5 cm away from
the tumor or on the opposite body site. Each paitthe figure above displays the
mean of three investigated mice.

This study clearly demonstrates that GNP tumor keta only successful when

the GNP dispersion is injected subcutaneously diosee tumor. Injection on the
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opposite body side obviously does not lead to highldP concentrations in the
tumor than in all the other examined organs. Howebmdistribution was only
investigated over a period of two hours before tiiee were scarified and the
organs were explanted. As this time-frame was vight, the major part of GNP
remained in blood or in the depot at the injectsite. Probably, an active tumor
targeting also of the particles that were injecteédthe non-tumor-bearing side
could be observed by elongating biodistributionetimlievertheless, such a high
GNP tumor site accumulation was not expected dwntomcreased GNP uptake
in other organs such as the kidney.

Fig. 7 also shows the biodistribution of Ga-68 ladeGNP in tumor-bearing CD-
1 nude mice. This time, the GNP dispersion wasctepk subcutaneously 0.5 cm
away from the tumor. We employed either a dispersioRGD-linked GNP (250
nm; radioactive yield: 52 %) or a dispersion of +RGD-linked GNP (180 nm;
radioactive yield: 65 %). Each point in the figlrelow displays the mean of four

and three investigated mice, respectively.
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Fig. 7: Biodistribution of Ga-68 labeled GNP in tumor-beg CD-1 nude mice
120 min after s.c. injection on tumor site (% ID/gleen: RGD-linked GNP, 250
nm, n = 4, blue: non-RGD-linked GNP, 180 nm, (n,=4&.D.).

This experiment indicates that GNP accumulatiotheaxtumor is dependent from
particle size and/or possibly from RGD-linkage. Were able to observe that
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non-RGD-linked smaller particles considerably ledhtgher tumor uptake rates
than RGD-linked larger particles. This is surprsinecause RGD is generally
known for its active tumor targeting propertieswéwer, particle size should not
be underestimated. Maybe, higher GNP tumor uptad@rs due to smaller
particles and is not influenced by RGD-linkage. Mumative experiments
possibly using RGD-linked and non-RGD-linked pdetscof the same size could
clarify this circumstance. We further found outttRGD-linked larger GNP led
to higher uptake rates in the other organs thanR®D-linked smaller particles
did. This is probably due to the fact that RGD doesspecifically bind to cancer

cells but also to other integrin expressing céllsgr et al. 2007).

4.3.4.3  Confocal laser scanning microscopy (CLSM) of tumotissue

Aside from radioactive labeling, GNPs were addaiibn fluorescence labeled.
Consequently cell trafficking could easily be tradkin tumor tissue frozen
sections of 10 pm of thickness. To avoid interfeeenwith tissue
autofluorescence, AleRa633 that is known for red light emission was used
instead of standard AleXa88 for labeling GNPs. Théye directly bind to amino
groups on the GNP surface and can be detected BWMCL

Fig. 8: Hoechst-stained frozen section (10 um) of M2lotutissue comprising
truncated vessels; blue: nuclei, red: GNP (see wgp Inner diameter of
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centrally pictured vessel about 20 pum.

Fig. 8 shows a Hoechst-stained frozen section of M@nor tissue explanted 120
minutes after s.c. GNP (180 nm) injection on tursite. Hoechst 33342 is a
fluorescence dye emitting blue light upon lasentation. As it intercalates DNA,
it is generally used for marking nuclei. Hence,| ceiclei appear blue in the
CLSM shoot above whereas GNP emit red light (seewa). This experiment
finally confirms the preceding biodistribution réisu Thus, PEGylated (13 kDa,

Fig. 2) GNP are able to escape into tumor tissuet@accumulate there.

4.3.5 In vivo and ex vivo studies of i.v.-administrated plain and PEGylated
GNPs
In this study, it was attempted to gain more insigibout the impact of
PEGylation on the circulation properties of GNPBisTwas of special interest as
recently Cho et al. could not confirm a higher ldamrculation time or superior
passive tumor targeting of all PEGylated GNP-dokarnm formulations in
general (Cho et al. 2006; Cho et al. 2007). Thiskbagrevious findings of our
group (Zwiorek 2006), as no significant differenoeprolonged circulation time
or increased passive tumor accumulation betweenyRiEd and non-PEGylated
GNPs could be found.
In brief, GNPs were grafted with 5 kDa PEG via munie bond between the PEG-
polymer and the GNP surface as described earlitiegZet al. 2007) and labeled
by ** radioiodination (Zwiorek 2006). 15 and 60 min pdsjection organ
inspection by ay-counter, GNP concentrations did not differ in elamined
organs including the blood (Zwiorek 2006).
Additionally, when coupling larger 13 kDa PEG caraly to the GNP surface by
stronger amid bonds as described above for theedated administration, no
increased blood circulation times were found (B.The latter setup ruled out
that an early hydrolysis of a too weak linkage W reason for the missing
differentiation of PEGylated versus non PEGylatddPRS. As a conclusion from
these findings, it can be hypothesized that cadlbwhrriers that already feature
high hydrophilic properties such as gelatin andahasitu steric heterogeneous
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Fig. 9 Ex vivo biodistribution and PEGylated (13 kD®)in-labeled GNPs of
250 nm in balb/C mice (n=4, £ S.D) after injectiomo the tail vain. Radioactivity
Concentrations are given as per cent of the ingclese per g (%ID/qg).

surface with hindrance properties are less acdesdir the proven and
undoubtful PK enhancements attributed to PEG wioembaned with hydrophobic

delivery systems or therapeutic proteins (Jevsewat. 2010).
Evaluating the full blood recovery of GNP-linkedtigity of another batch

confirmed the finding depicted in Fig. 10.
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| —e— PEG —8—non PEG |

Fig. 10 Full blood recovery of'in-labeled PEGylated and non-PEGylated

GNPs over a time period of 24 h (n=3, £S.D.).

Here it is shown, that the PEGylation (13 kDa) hadsignificant influence on the
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circulation time of GNPs.

Another finding from theex vivosectioning was that GNPs biodistribution is size
depending at least in part, as the lung accumulatges with the mean diameter
and vice versa. This was in accordance with preshoteported size effects on
distribution and even intracellular effects (Jiatgl. 2008; Minchin 2008).

While radiolabeling was widely conducted with protenanoparticles for
conservative biodistribution studies and PET wagplieg for a variety of
nanoparticle-based trials (Cheon et al. 20091112¥uccessful employment of
PET studies was yet carried out on protein-basewperticles. Therefore, one
attempt used N-succinimidyt¥] fluorobenzoate PET-suitable prosthetic group
to be linked to the GNPs. While the labeling precess successfully performed,
too highin vivo concentrations were needed for adequate imagingo(gk
2006). However, a safe formulation suitable for RE&ging was obtained when
using DOTA as a chelator af8iGa®" as radionuclide (Fuchs et al. 2008). Here,
radiochemical yield was up to 75% and radiochemigafity in the final
preparation reached 98.5%.
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Fig. 11: Combined PET/CT online imaging $6a-labeled GNPs 10, 50 and 100
seconds post injection into the tail vain with te# column representing coronal
plane view (head upwards) and the right column espnting sagital plane view.
Brighter color represents respectively higher pelgiaccumulation.

The biodistribution of this protein nanoparticuldtemulation could be tracked
online for the first time by combined small animBET/CT (Fig. 11).
Furthermore, ex vivo sectioning of organs after administration of dyall
fluorescence and®Ga™ labeled GNPs revealed the co-localization of égtiv
marker and particles. Therefore, the particle dewdblecked distribution data
based on radiolabeling alone could be seen as ttoBughermore, flankingx
vivo trials proofed the difference in biodistributioor fthe pure macromolecular
gelatin and GNPs (Fig. 11).

4.3.6 Differentiation of biodistribution profiles of soluble gelatin in from

GNPs: particles matter.

To evaluate the biodistribution properties of GNP®n i.v. administration, it is
essential to adequately attribute the acquired tdettae particle quality. Gelatin as
a hydrophilic macromolecular should decisively cimite to the particle surface
characteristics such as the similarity to other PBt®d particles in hydrophilic
properties. However, the proof that the GNP bioitigtion properties were
linked more to their particulate nature than tdrtbenstituting material alone was
not yet provided. Therefore, a suitabtdn-labeld gelatin fraction was gained by
employing a PD-10 desalting column to separate unédanuclide (which was
trapped in the column) from successfully labeledaty®@ macromolecule
(see 4.2.4).
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Fig. 12: Histogram of 1 ml fractions of 11lin-labeled gefatsolution,
fractionized by a PD-10 desalting column with astat off of approx. 5 kDa.

The forth fraction (3000 — 4000 ul) featuring thighest activity was chosen
(Fig.12) to obtain high signal responses. Furtheenthis relatively early eluated
fraction should represent a high molecular weighttion which also served as
starting material in the manufacturing process NPS. However, MWs could not

be determined within this study.

100%
80% -

60% -

% ID/g

40% +

20% +

0% - Sz -_—
O
QO
‘0\0

M'5Z'90 M4 h 024N

Fig. 13 Ex vivo biodistribution of*in-labeled soluble gelatin in balb/C mice
after injection into the tail vain. Radioactivityocentrations are given as per
cent of the injected dose per g (%ID/g) (n=1).

In contrast to GNPs (Fig. 9), gelatin as a solubtdecule did not accumulate in
lung, spleen or liver. On the contrary, it was tneliminated rapidly as revealed
by the activity peak in the urine after 90 min (Fig§g3). While the non-
accumulation could be seen as positive from a tbagical point of view -if
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gelatin was toxic at all- the non-retention in thimod appeared as striking.
Injected doses did not peak beyond 2% ID/g whilePGhhitially could reach up
to 10% despite PEGylation.

Moreover, lower particle sizes such as 250 nm @igevealed beginning of lung
clearance already between the 5 and 90 minutes umegspoint. In the
corresponding extend, accumulation progressedanivkr, although this process
is size depending, too. Nevertheless, it could lbacluded that the i.v.
administration as for many other nanocarriers is the first choice when a
specific targeting beyond the preferential MPS psgés of interest. Surface
grafting of targeting structures -in the presergecthe RGD tripeptide- may not
always compensate the particle-associated undegiredistribution patterns.
Therefore, further studies concentrated on immuweraiby via alternative routes
of administration such as s.c. and inhalative. Tivgre chosen to ensure a
sufficiently long time of pharmacodynamic action fdre degradation or

elimination of the drug-loaded nanocarrier systemla occur to a larger extend.
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IV Gelatin nanoparticles as a valuable tool in immundterapy

1. Immunotherapy by nucleic acids — why?

1.1  Historical perspective

The idea to trigger the immune system for antituahaction looks back on a long
development originally coming from the observeckirglation of infections and
tumor regression (Thotathil and Jameson 2007). yYColas the first to
systematically introduce related research and tegoa coherence between
erysipelas and cancer remission (Coley 1893). Eurtbre, he made a liquid
preparation containing bacterial lysates of Streptous pyogenes and Serratia
marcescens which was known for decades to eliegirfand immune activation in
general. However, the biomolecular mechanisms avgkiple implications on
more specified therapeutic applications were reckanly in the last 15 years.
Specific short DNA strands were identified as theairm trigger of
immunostimulation within the bacterial lysate (Tokga et al. 1984). These short
methylated oligonucleotides featured palindromidcSadpotifs responsible for B-
cell activation (Krieg et al. 1995). Furthermor@ntained lipopolysaccharides
(LPS) were shown to be involved in IL-12 inducti@ngytokine which is known
for its Thl pathway inducing properties (Tsung &wdton 2006). Most recently,
involvement of the CpG-ODN as pathogen associatel@gular pattern (PAMP)
recognizable by a pattern recognition receptor (PREs confirmed in Coley’s
toxin (Hobohm et al. 2008). Today, synthetic CpGtfsocontaining ODNs
represent a potential new group of therapeuticeluad in several clinical trials.
The expected growth here is underlined by the tiaat the CpG-manufacturing
Coley Pharmaceutical Group was acquired by Pfize008. However, no CpG-
based product has yet reached the market beyamdatiphase Il and a suitable

carrier seems to be of advantage in related efeets Chapter 1).

1.2  The principle of CpG-mediated immunostimmulation

Artificial CpG oligonucleotides are agonists fornreember of the PRR family
signalling through an endosomal membrane based rgpeptor, the Toll-Like
Receptor 9 (TLR9) (Angel et al. 2008; Wernettele@02). The name “Toll-like
receptor” was not derived from the English word tolthe meaning of fee but
instead was coined by Nobel price laureate Nussfgithard of Tubingen who



136 Gelatin nanopadgchs avaluable tool in immunotherapy

described the molecular biologic discovery as *tokferring to “great” in

German. The discovery was rather accidental byiziagl that a knock out of
TLRs resulted in increased sensitivity of Dosoptilas to fungical infection
(Lemaitre et al. 1996). Subsequently, these strastwere identified as highly

conserved in higher species to include humans.

1. endocytosis

wGNP Mﬁ/ < %g

2. protection from cytosolic

3. distinctive enrichment in

endosomes nuclease degradation

unmethylated
CpG-DNA
endosome
Diverse
P38 KK e \'\"'VD88/ cytokines
S . R ° ORF7
INK D TRAF-6 with o— homodimer IFN
ot TRAF-G  \pAKgor 172 IRFY

Fig. 1. Survey on intracellular TLR-7 and TLR-9-mediateghalling MyD88-
dependent pathways and the role of GNPs as a pdieRtagonist delivery
device. MyD88 is an essential Toll/IL-1 receptor (TIR) damaontaining
adaptor for the induction of inflammatory cytokinem all the TLRs. Upon
stimulation, MyD88 recruits IL-1 receptor-associated kinase (Ao TLRs
through interaction of the death domains of botHemwles. IRAK is activated by
phosphorylation and then associates with the TNéepéor associated factor
(TRAF6), leading to the activation of two distisaynaling pathways, and finally
to the activation of c-Jun N-terminal kinases (JN#Ad nuclear factor kappa-
light chain-enhancer of activated B cells (NF-kBgniscription factors for the
translation of effector proteins such as cytokines.

CpGs were shown to influence several signallingpways in a variety of immune
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cells, leading to cytokine production in many marhiamspecies (Zwiorek et al.
2004; Zhao et al. 2010) (Fig. 1). It appears tHa specific purines and
pyrimidines surrounding the CpG motif, phosphothedabackbone, as well as the
spacings between CpG motifs may influence both lével and the type of
immune stimulation (Krieg et al. 1995; Mutwiri dt 2003). CpG motifs improve
the antigen presenting function of dendritic ce(lBCs), monocytes and
macrophages, induce the proliferation of B Ilymphesy stimulate the
immunoprotective activity of natural killer (NK) kg and recruit T cells to the
site of ODN administration (Coester et al. 2006rchdin 2007; Zwiorek et al.
2008). Recent studies showed that the immune sysisponds to CpG motifs by
activating potent Thl-like immune responses whigh lbe harnessed for immune
therapy of cancer, allergy, infectious diseasese(K2002), autoimmune diseases,
and sterile inflammation (Kanzler et al. 2007). €equently, CpGs may also be
used as potent adjuvant for vaccines which wasaaledelivery application for
the present GNPs (Bourquin et al. 2006; Bourquiale2008) also by directly
activating plasmoidal dendritic cells (pDCs) antdseguently B-cells without the
involvement of T-cells (Poeck et al. 2004). As slitated in Fig. 1 (chapter V,
3.1), the Thl pathway activation elicits T cell (&Dresponse (Bourquin et al.
2006) e.g. via IL-12. This was proven in prophyi@aeinticancer studies involving
GNP-bound CpG (Bourquin et al. 2008).

1.3  Other nucleic acid-derived therapeutic strategies

Molecular DNA or RNA therapy is an upcoming apptoac controvert difficult
to treat diseases by engaging in transcriptionatgsses. Transcriptional factors
are nucleus based proteins that can have a boastialieviative effect on gene
expression. These TFs recognize their own shoditgnregion even in absence
of neighbouring genomic DNA. This makes synthesigddN with consensus
base sequences a possible therapeutic option topuhzie gene expression
(Mann and Dzau 2000).

Decoy ODNs inhibit the binding of a TF, for exampte promoter region of the
cytoplasm based NF kappa B receptor. Thereby theyept this transcription
factor from inflammatory interactions with its tatggenomic DNA in the nucleus.
Other transcriptional interfering strategies alftt the mRNA level like antisense

ODNSs, ribozyme ODNs and RNA.. First therapeuticcasses were achieved in
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the fields of retinopathy, restenosis, glomeruldnég and rheumatoid arthritis
(Morishita et al. 2004).

1.4  Nucleic acid-based immunotherapeutic strategies agest cancer

As mentioned above, Coley found prolonged resigtaagainst cancer upon
treatment by his bacterial-derived toxin. Since T_Rctivation by CpG motifs
was identified as decisive for antitumoral actiadhge insight into related
immunologic fundamentals pathed the way towards -Bpa§&d immunotherapy
against cancer (Krieg 2002; Krieg 2006). Of cenitrglortance was the ability, to
overcome T-cell anergy by the adjuvant propertiésCpGs. However, this
essential adjuvant ability was proven not to beliagple exclusively for TLR-9-
mediated CpG action (Hornung et al. 2002; Heil le2@04), but moreover for
TLR-7-mediated RNA effects which is demonstratedhia following. In order to
achieve a specific immune reaction against a caacget, immune cells need to
be primed against relevant cancer-specific antigénsthe current studies,
Ovalbumine (OVA) was used as an established anénpotodel antigen.
However, for future targeted therapeutic strategieal tumor-expressed antigens
need to be included such as pancreas cancer-eggregsface protein survivin
(SVV) also referred to as BIRC5 (Altieri 2003). Theportance of this field of
tumor-specific antigen-directed anti-cancer immbeadpy is stressed by the fact
that the FDA approved the first therapeutic canerccine Provende
(sipuleucel T) in April 2010 for the treatment obrimone-refractory prostate
cancer (Bordon 2010).

2. Antitumoral response triggered by GNP-bound RNA toagonist TLR7

Introduction

The capacity of GNPs to function as RNA carriedesnonstrated in the following
insert which cites a joint pre-review manuscript poiblication by the Center for
Integrated Protein Science Munich and Divison ofniCal Pharmacology,
Department of Internal Medicine (*), Ludwig Maxiran University Munich, on
the one hand and the Department of Pharmacy, Pbautieal Technology and

Biopharmaceutics'), Ludwig Maximilan University Munich, on the othkand.
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Delivery of immunostimulatory RNA oligonucleotides by gelatin-based

nanoparticles triggers an efficient antitumoral reponse

Carole Bourquin*, Cornelia Wurzenberger*, Sebasti&chs, David Anz*,
Sarah Weigel*, Nadja Sandholzer*, Gerhard Wihte€onrad Coestér and
Stefan Endres* (CB and CW contributed equally te work.)

Introduction

Upon viral infection, a strong immune responselidated through recogniciton
of viral components by specific receptors of thesite immune system. Molecular
patterns within viral nucleic acids are recognizey the pattern-recognition
receptors TLR7 (single-stranded RNA sequences),9N(E&G DNA sequences)
RIG-I (5'-triphosphate RNA) and MDA-5 (double-stdied RNA) (Heil et al.
2004, Hemmi et al. 2000, Hornung et al. 2006, Keatoal. 2006).A highly
selective immune response can be induced by SymtH@NA and RNA
oligonucleotides containing these molecular pasteame a powerful tool to
simulate an immune response in a highly selectimamar. It is for instance well
established that binding of synthetic CpG ODNSs tdRY both promotes innate
immunity and triggers the generation of a protecfihl-type immune response
(Krieg 2007). In experimental models and in canpatients, CpG ODNSs
enhanced cytotoxic T cell responses to tumor ansiggpon vaccination (Brigger
et al. 2002; Wurzenberger et al. 2009; Brazolotlailet al. 1998; Brazolot
Millan et al. 1998; Speiser et al. 2005). Furthemmave have recently shown that
RNA oligonucleotides can stimulate innate immuriiyough both the Toll-like
receptor 7 and RIG-I receptors (Hornung et al. 20@@&nung et al. 2004) and
thereby induce efficient antitumoral responses (Boin et al. 2009, Poeck et al.
2008).

TLR7-activating RNA oligonucleotides act on sevetamponents of both the
murine and the human immune systems: they triggand B cell responses to
antigen (Bourquin et al. 2007), activate neutraphlanke et al. 2009) and
antitumoral NK cells (Bourquin et al. 2009) anddidhe suppressive function of
regulatory T cells experimental models and in capegients (Anz et al. 2010).
We have demonstrated previously that these effestslifferent immune cell
populations are directed by TLR7-expressing deldells that control immune
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activation through the production of a panel ofo&yes (Anz et al. 2010;
Bourquin et al. 2007). The therapeutic potential bR7 agonists is supported by
encouraging results with a recently developed clalsantitumor agents, the
imidazoquinoline, that act in part through the \aaion of TLR7 (Hemmi et al.
2002). The lead compound, imiquimod, is howeveryoapproved for the
treatment of skin tumors by topical use and isatife against solid tumors only
when applied locally (Broomfield et al. 2009). RNDNs thus form a new class
of TLR7 agonists with promising therapeutic potahtFurthermore, RNA ODNs
can be designed to include other antitumoral pteggemn the same molecule. The
introduction of an inhibitory siRNA sequence pesnisilencing of tumor-
promoting genes that synergizes with the immunagatory activity of the RNA
oligonucleotides to block tumor growth (Poeck e28108).

A key challenge for the therapeutic applicationRiIMA ODNSs is the need for
efficient in vivo delivery to protect RNA ODNs from degradation, gmomote
cellular uptake and to target the RNA to the desirdracellular compartment
(Whitehead et al. 2009). In this study we have stigated the efficacy of
previously described cationized GNPs (Zwiorek et2808) for the delivery of
immunostimulatory RNA ODNs. Gelatin represents thdvantage of being
biodegradable and non-toxic and has been usedtienpmas a plasma expander
for decades (Ward et al. 1977b). GNPs are stabftenglstorage, show high
stability after administration and can be easihaled-up for manufacturing
processes. Highly homogeneous GNPs of well-defthadheter can be generated
by a two-step desolvation method (Coester et @0R0Furthermore, we have
previously demonstrated that GNPs delivery enhatloesCD8 T cell response
triggered by CpG DNA oligonucleotides (Bourquira€t2008).

Here we examined the immunostimulatory capacityGiP-delivered RNA
ODNSs bothin vitro andin vivo. We show that nanoparticle-delivered RNA ODNs
strongly activate immune responses in a TLR7-depetnchanner. GNPs enhance
the uptake of RNA ODNs by immune cells and proteem from degradation. In
addition, immunization with nanoparticle-bound RIO®Ns and a model antigen
protected from tumor growth. We thus characterizeneav formulation for
immunostimulatory RNA ODNs that enhances their igbiio induce a strong

Thl-type immune response to antigen and triggésiefit antitumoral responses.
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Materials and Methods

Mice

Female C57BL/6 mice were purchased from Harlan-\Wimiann (Borchen,
Germany). Mice were 6 to 12 weeks of age at theetook experiments. TCR
transgenic OT-1 mice were kindly provided by Dr. Brocker (Institute of
Immunology, Munich, Germany). Animal studies weigp@ved by the local

regulatory agency (Regierung von Oberbayern, Myr@drmany).

Reagents and cell lines

The fully phosphorothioated 20-mer RNA oligonucldes 9.2dr (5'-
UGUCCUUCAAUGUCCUUCAA-3") (Hornung et al. 2004) angblyA were
purchased from CureVac (Tubingen, Germany). For esosxperiments,
fluorescein-5’-tagged RNA oligonucleotides were dug®detabion, Martinsried,
Germany). The unmodified 9.2 triphosphate RNA (PRP-
GCAUGCGACCUCUGUUUGA-'3) was produced byvitro transcription in our
laboratory (Hornung et al. 2006). Gelatin type Anfr porcine skin (175 Bloom)
and chicken egg ovalbumin (OVA) were purchased fr8igma-Aldrich (St
Louis, MO). The OVA-transfected B16-F10 cell lin@svkindly provided by Dr.

T. Brocker.

Preparation of cationized gelatin nanoparticles

Gelatin nanoparticles were prepared in the Divisioh Pharmaceutical
Technology and Biopharmaceutics at the UniversityMunich as previously
described (Coester et al. 2000). Subsequentlypraattion of the nanoparticles
was achieved through introduction of a permanemtteqnary amino group by
covalent coupling of cholaminechloride hydrochlerihto the particle surface, as
previously described (Zwiorek et al. 2008). Catrexi particles prepared by this
protocol were shown biimulus amoebocyte lysate assay to be endotoxin-free
(Coester et al. 2006). Unloaded particles werelestabsize and, potential when
stored as stock dispersion at 4°C for several nsoribr formulation with RNA
oligonucleotides, particles were loaded with 5%wWWRNA oligonucleotides by

shaking for 2 h at 800 rpm at room temperatureevViauate the physical stability
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of RNA oligonucleotide attachment to the cationi@naparticle surface,
dispersions were incubated in PBS at a final pH.dfor 4.9 for up to one week.
Dispersions were then centrifuged at 25000 g fomd® and the supernatant was
analyzed spectrophotometrically at 260 nm for fRi¢A. Controls consisted of
either RNA or gelatin nanoparticles in the equinaleuffer. Results of percentile

successful loading were calculated as follows:

OD of GNP-RNA supernatant — OD of GNP control snpéaint

RNA loading :|1- x 100(%)
OD of RNA control supernatant

Bone marrow cell culture

Bone marrow cells were harvested from murine feand tibia and erythrocytes
were lysed with ammonium chloride buffer (BD Biasutes, Heidelberg,
Germany). Cells were cultured in RPMI 1640 mediwppemented with 10%
FCS, 2 mM L-glutamine, 100 pg/ml streptomycin, dfd IU/ml penicillin and

activated with 10 pg/ml RNA oligonucleotides conmyad to 200 pg/ml gelatin
nanoparticles. Alternatively, 10 pg/ml RNA oligohemtides were complexed to
50 pg/ml DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N, NN-trimethylammonium

methyl-sulfate; Roche, Mannheim, Germany) or 2.Bnlglipofectamine

(Lipofectamine 2000; Invitrogen, Carlsbad, USA)@ciing to the manufacturers’
instructions. Polyethylenimine (PEI) was kindly wpiaed by Dr. M. Ogris

(Department of Pharmacy, Munich, Germany). 10 pdRNIA oligonucleotides

were complexed to 7.5 pg/ml PEI directly beforensiiation.

Fluorescence microscopy

Bone marrow cells were stimulated for 3 h with flescein-5'-tagged RNA
oligonucleotides and carriers as described aboashed three times and adhered
to poly-I-lysine-coated microscope slides. Cellgevihen fixed in 100% acetone
for 10 min. Topro-3 (Invitrogen) was used for nacleounterstaining. Stained
cells were visualized using a fluorescence micrpsc(Carl Zeiss) and Adobe

Photoshop was used for adjustment of contrast edre size.
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Quantification of cytokines and flow cytometric andyses

Concentration of IL-12p70 and IL-6 in culture supeants was determined by
ELISA according to the manufacturer’s instructigB® Biosciences). I[FNx was
measured according to the following protocol: ratnmclonal antibody to mouse
IFN-a (clone RMMA-1) was used as the capture antibodbit polyclonal
antibody to mouse IFN«-for detection (both from PBL Biomedical Labora&s;
Piscataway, NJ) together with HRP-conjugated dordmibody to rabbit IgG as
the secondary reagent (Jackson ImmunolLaboratorizes, Harbor, ME).
Recombinant mouse IFN-(PBL Biomedical Laboratories) was used as standard
(IFN-a concentration in 1U/ml). For flow cytometric anags, cells were stained
with fluorochrome-conjugated monoclonal antibod{®?220, CD11b, CDl1l1c,
CD69, and isotype controls) and propidium iodidenfrBD Biosciences. Data
were acquired on a FACSCalibur or a FACSCanto (Bbs@ences) and
analyzed using FlowJo software (Tree Star, Ashl@r).

Induction of OVA-specific CD8 T cell proliferation

For thein vivo induction of antigen-specific CD8 T cell proliféian, splenocytes
from OT-I mice were labeled with 15 nmol/ml carbéimgrescein succinimidyl
ester (CFSE; Molecular Probes, Eugene, OR) aftgthrercyte lysis. 5 x 10
labeled OT-I cells were adoptively transferred imtidd-type mice on day 0. On
day 1, mice were immunized s.c. with 75 ug OVA tbgewith 100 pg free RNA
oligonucleotides or 100 pug RNA oligonucleotides ptemed to 2 mg gelatin
nanoparticles. Two days later, freshly isolate@sptytes and cells from draining
and contralateral lymph nodes were analyzed by figtwmetry. Antigen-specific
T cell proliferation is expressed as percentagdivéliing cells (CFSE) within all
CFSE-positive CDS8 cells.

Immunization with OVA

For immunization of mice, 75 pg OVA were injected. gogether with 100 pg
free RNA oligonucleotides or 100 pg RNA oligonudldes complexed to 2 mg
nanoparticles two or three times at a 14-day itlerivor the detection of OVA-
specific antibodies, serum was collected one wédtek the second immunization

and serum IgG concentrations were determined bySEl Iplates were coated
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overnight with 10 pg/ml OVA in PBS and blocked Wwith 1 % BSA in PBS.
After incubation of serum samples for 1 h at atdlu of 1:200, plates were
washed with PBS/0.05% Tween 20. Goat-anti mouse dgfugated to HRP
(SouthernBiotech, Birmingham, AL) was added at Imidor 1 h. Plates were
again washed and ELISA was developed by o-phengiamene (Sigma-
Aldrich). Reaction was stopped by 1 M$0, and OD was read by photometer at
490 nm.

Tumor monitoring

One week after the third immunization,’1®16-OVA cells were injected s.c. in
the right flank. Tumor growth was monitored thraeds a week and is expressed
as the product of the perpendicular diameters dividual tumors. Mice were

sacrified at day 35 after tumor induction.

Statistics

Statistical analyses were performed by unpaire@-way analysis of variance
(ANOVA) with the Newman—Keuls multiple comparisoest. Significance was
set atP < 0.05. Comparisons among groups regarding dansét of tumors were
made using the log-rank test. Statistical analysese performed using SPSS
software (SPSS, Chicago, IL, USA).

Results

Nanoparticle-delivered RNA oligonucleotides efficistly trigger an innate

immune response

We have recently described that immunostimulatogguences within RNA

oligonucleotides activate both innate and adapimenune responses through
TLR7 (Bourquin et al. 2007; Hornung et al. 2004p &ssess the delivery
potential of cationized gelatin nanoparticles foede immune-activating RNA
oligonucleotides, murine bone marrow cells werengtated with nanoparticle-
bound RNA 9.2dr oligonucleotides. Oligonucleotides contained a
phosphorothioate-modified backbone (PTO) to enhamenunostimulatory

activity (Bourquin et al. 2007). Nanoparticle-bouRMA induced production of
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the pro-inflammatory cytokines IL-12p70, IL-6 arfeN-a in the culture (Figure
1A). In contrast, no cytokine production was detectednugtimulation with free
RNA oligonucleotides. Nanoparticles alone inducedlr12p70 or IL-6 and only
IFNe.

oligonucleotides was abolished in bone marrow detils;m TLR7-deficient mice,

low levels of Cytokine induction by nanoparticle-bound RNA

confirming that the immunostimulatory activity wasediated by TLR7 (Figure

1A).
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Fig. 1 Nanoparticle-bound RNA ODNSs activate innate immuneesponses

Murine bone marrow cells from wild-type or TLR7+idieint mice were activated
for 18 h with RNA ODNs complexed to different easias indicated. (A) Culture
supernatants were analyzed by ELISA for IL-12pEZ&5 Bnd IFN« production.
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(B and C) Surface expression of the activated ma@{@69 on CD11lc+ B220-
myeloid DC (mDC) and CD11c+ B220+ plasmacytoid DG@DC) within the
culture was alayzed by flow cytometry. Data areresged as % CDG69-positive
cells within the indicated populations. All resuklow the mean of triplicate
samples +/- SEM. Data are representative of foudependent experiments.
Asterisks without brackets indicate comparison withstimulated cells ***p
< 0.001, ns not significant.

Dendritic cells within the culture were activatedranoparticle-bound 9.2dr PTO
RNA with over 40% of both myeloid and plasmycytadieindritic cells expressing
the early activation marker CD69 (Figure 1B). Imfle@eanoparticle-delivered
RNA induced a more potent activation of dendrigtithan RNA bound to the
transfection reagents polyethylenimine (PEI) oofgctamine (Figure 1B). As
shown for cytokine induction, CD69 upregulation RNA oligonucleotides was
TLR7-dependent. Furthermore, cell activation wagpetelent on the RNA
sequence since no activation was detected aftemulstiion with a PolyA
oligonucleotide of the same length (Figure 1Bhds previously been shown that
5'-triphosphate-modified RNA oligonucleotides tartjee cytosolic receptor RIG-
| (Hornung et al. 2006). Interestingly, nanopaetibbund 5’-triphosphate RNA
oligonucleotides also induced an activated phereigmlendritic cells but did not
induce cytokine secretion (Figure 1C). Stimulatibp 5-triphosphate 9.2dr

oligonucleotides was independent of TLR7 (Figurg.1C

Nanoparticle formulation of immunostimulatory RNA oligonucleotides
promotes their uptake into intracellular compartments

We have previously shown that efficient endosomalivdry of RNA

oligonucleotides is required to induce TLR7-mediatamune activation (Anz et
al. 2010). Here we examined the efficacy of caiediGNPs for the intracellular
delivery of fluorescently labeled RNA oligonucled®s in direct comparison with
the transfection reagents DOTAP, PEI and lipofeatemRNA oligonucleotides
bound to GNPs were rapidly taken up by bone mareills with over 80% of
cells staining positive for labeled RNA after 6 Rigure 2A). Free RNA
oligonucleotides were not taken up by bone marreds (less than 1% 9.2dr
RNA-positive cells). Uptake of RNA oligonucleotidesomplexed to the

transfection reagents DOTAP, PEI or lipofectaminaswess efficient with a
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maximum of 38% of bone marrow cells staining pwsitfor the fluorescently
labeled RNA complexed to PEI (Figure 2A). Confogatroscopy revealed that
nanoparticle-delivered RNA oligonucleotides can dieserved as distinct dots
after internalization, suggesting an endosomalkgp{&igure 2B). Complexation
of RNA oligonucleotides to DOTAP resulted in a danilocalization pattern,
while RNA oligonucleotides bound to PEI or lipofagtine were evenly
distributed in the cytoplasm of the transfectedscelhus, nanoparticle-bound
RNA oligonucleotides are efficiently taken up bynimne cells and accumulate in

intracellular compartments.
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Fig. 2 Nanopatrticle formulationof immunostimulatory RNA OD Ns promotes
their uptake into intracellular compartments.

Murine bone marrow cells were stimulated with 1@nplgfluorescein-labled RNA
ODNs compexed to different carriers. (A) Histogramiastrate uptake of
fluorescently labeled RNA by bone marrow cells ywred by flow cytometry,
(bold line: RNA with indicated carrier; line lindree RNA; dashed line: no RNA)
(B) Graph shows percentage of RNA ODN-positivescai mean +/- SEM of
triplicate samples. Asterisks without brackets @atle comparisons with
unstimulated cells and cells stimulated with eith@RN or NP alone.
*** P <0.001. (C) Confocal microscopy of RNA ODhrsulated cells shows
intracellular localization of the fluorescently laled RNA (green) after 3 h. Left
panel shows a fluorescence image, right panel showlgferential interference
contrast (DIC) picture merged with fluorescencesiis are representative of
two independent experiments.
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Nanoparticle formulation protects immunostimulatory RNA oligonucleotides
from degradation by RNases

In addition to facilitating the uptake of RNA oligocleotides into the appropriate
intracellular compartment, an effective delivergteyn must protect nucleic acids
from degradation. This is an important requiremémt the application of
immunostimulatory RNA oligonucleotides in a therape setting, as the
widespread distribution of RNases results in a &grt lifespan for unprotected
RNA which was demonstrated vitro earlier (EImen et al. 2005).
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Fig. 3: Nanoparticle-bound immunostimulatory RNA ODNs are potected
from RNase degradation.Bone marrow cells were activated with GNP-bound
9.2dr PTO RNA ODNs digested with RNase A in thecabed concentrations
either before or after the complexation of RNA tdRS. Surface expression of the
activation marker CD69 was analyzed by flow cytoyefA) and IL-6
concentration in the supernatants was analyzed b\s& (B). Data show mean
and SEM of triplicate wells and is representativdive independent experiments.

The complexation of RNA oligonucleotides to GNPsswassessed whether it
provided protection from degradation by RNases.dh&erved that RNA loading
onto the cationic GNP surface was stable for atleae week at both cytosolic
(7.4) and endosomal pH (4.9) (Figure 3A). Immunmuostatory RNA
oligonucleotides were then exposed to partial digedy RNAse A either before
or after complexation with GNPs (Figure 3B). Princubation with cationized
gelatin nanoparticles protected RNA oligonucleaiffem degradation by RNase
A, as they still induced an activated CD69+ phepetsind cytokine production in
a bone marrow cell culture after a one-hour RNasatrent (Figure 3B). In
contrast, RNA oligonucleotides that were incubateth GNPs after the RNase

treatment had lost their immunostimulatory potdntia
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Nanoparticle-bound RNA oligonucleotides trigger anigen-specific CD8 T cell
and antibody responses

To investigate the effect of nanoparticle-bound REKgonucleotides on the
development of an immune response to antigen, &#ted OVA-specific T
cells from OT-I mice were adoptively transferretbinvild-type mice. 24 h later,
mice were immunized s.c. with OVA protein togethesth free RNA
oligonucleotides or nanoparticle-bound RNA oligoeotides. Three days after
immunization, proliferation of CFSE-labeled cytotmX cells (CTL) in draining
lymph nodes and spleen was analyzed by flow cytgmetroliferation was
enhanced in mice immunized with OVA plus nanopbatiound RNA
oligonucleotides. In contrast, free RNA oligonudides did not promote OVA-
specific proliferation. To examine the effect ofnmanization with nanoparticle-
bound RNA oligonucleotides on the development ofaatibody response, mice
were immunized with the model antigen ovalbumin K)Mogether with free
RNA oligonucleotides or nanoparticle-bound RNA ohgcleotides twice at a 14-
day interval. One week after the second immunipatgerum levels of OVA-
specific antibodies were measured. In mice immuhizgith OVA and
nanoparticle-bound RNA oligonucleotides, levels @Y A-specific 1gG were
significantly increased compared to mice immunirath either OVA alone or
OVA with free RNA oligonucleotide. Nanoparticle-bmli RNA oligonucleotides
did not induce a generalized immune activationyagletected neither unspecific
activation of immune cells in the spleen nor eledaserum cytokine levels after
s.c. injection of nanoparticle-bound RNA (data sbhbwn). Thus, nanopatrticle-
bound RNA oligonucleotides act as potent adjuvanis elicit efficient antigen-
specific immune responses when administered witigem while at the same

time preventing an indiscriminate systemic actwatf the immune system.

Nanoparticle-bound RNA oligonucleotides induce an fécient antitumoral
response

The ability to stimulate cytotoxic T cell responses prerequisite for obtaining
an efficient antitumoral immune response. To ass#sther the antigen-specific
responses induced by nanoparticle-bound RNA oligemtides protected from
the development of a tumor, wild-type mice were mmized with OVA together

with free RNA oligonucleotides or nanoparticle-oduRNA oligonucleotides
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before s.c. challenge with OVA-expressing B16 mefaa cells.

A
250
OVA
200
1
£ 150
[i1]
N
(7]
[s]
E 100 OVA + RNA
'_
50
OVA + NP-RNA
0 : : .
0 5 10 5 20 2% 30 ¥ 40
Days post tumor challenge
B 100 % p
80
£
. OVA + NP-RNA
8 60; *
£ l_:[
(4]
8
5 40+
5
}_
20
OVA + RNA OWVA
0
0 10 20 30

Days post tumor challenge

Fig. 4. Nanopatrticle-oound RNA ODNs induce an antigen-spefic antitumor
immune response

Mice were immunized three times with OVA togethiéerhivee RNA ODNSs or
RNA ODNs bound to GNPs. One week after the lastummation, mice were
injected with OVA-expressing B16 melanoma cells &mtior growth was
monitored. Results are shown as (A) mean tumos gpigegroup and as percental
tumor-free mice (B). Immunization with OVA togethath GNP-bound RNA
ODNs significantly increased (the onset point afphor-free survival compared to
OVA together with free RNA ODNs or OVA alone (P9@)0 Similar results were
obtained in two independent experiments.
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While all mice immunized with OVA or OVA plus fré@NA ODNs developed a
measurable tumor from day 11 onwards, only twoive# mice immunized with
OVA and GNP-bound RNA oligonucleotides developedtuanor and this
treatment group showed an improved tumor-free sahP = 0.004; Figure 4A
and B). Thus, immunization with  GNP-bound RNA ODM=luces a potent
antitumoral response that protects from a subsedueror challenge.

Discussion

RNA oligonucleotides containing specific moleculgatterns trigger immune
activation though a broad range of mechanisms ard potentiate antigen-
specific immune responses, block immunosuppressieehanisms and inhibit
tumor growth. Furthermore, RNA ODNs have emergedagsowerful tool to

silence expression of specific genes, raising higkpectations for the
development of novel therapeutics (Castanotto av&siR2009). The combination
of both gene-silencing and immunostimulation in &MA molecule may further
enhance the therapeutic potential of RNA ODNs (Rastcal. 2008). A major

issue for the application of RNA ODNSs in the climchowever the development
of suitable drug delivery systems that are botk said effective (Whitehead et al.
2009).

An efficient delivery system must protect RNA ODfW@m degradation, facilitate
uptake into target cells and deliver the RNA to #ygpropriate intracellular
localization (Whitehead et al. 2009). Dendriticlegllay a critical role in directing
the immune response to RNA ODNs and therefore septean important cellular
target (Anz et al. 2010). We show here that gelainoparticle-delivered RNA
ODNs activate dendritic cells more efficiently thRNA delivered by frequently
used transfection reagents such as lipid-baseduations or PEI. Indeed, GNPs
greatly enhance uptake of immunostimulatory RNA QDNto dendritic cells
with over 80% of cells positive for fluorescentlgbkeled RNA. This highly
efficient uptake was not achieved by the otherdieetion reagents examined. We
further show that complexes of gelatin nanopaiie@ad RNA ODNs are highly
stable and that gelatin nanopatrticles protect Riddnfdegradation by nucleases.
The mode of delivery of RNA ODNs plays an importaake in the type of

immune response induced and directs the subsequekine response (Ablasser
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et al. 2009). For optimal efficacy, targeting ofe tlappropriate intracellular
compartment is essential. GNP-delivered RNA accatesl in endosomal
compartments where TLR7 is located (Diebold e2@04), whereas RNA ODNs
delivered by lipofectamine or PEI are found diffiyse the cytosol. DOTAP, a
lipid-based transfection reagent, also enhanceasedglto the endosome (Yasuda
et al. 2005). Indeed, it was previously shown tR&A ODNs delivered by
DOTAP induce TLR7-dependent immune respongesvitro and in vivo
(Bourquin et al. 2007). However, DOTAP is highlyito and forms unstable
complexes that preclude an application in a clirseéting (Bouxsein et al. 2007).
Interestingly, it was observed that 5'-triphospHai¢A bound to GNPs activates
dendritic cells independently of TLR7, suggestingnalation of the cytosolic
RIG-I receptor. Thus, this may open the door forthier beneficial GNP
applications as carrier systems as they may albéced®NA ODNSs to the cytosol
in amounts sufficient for immune activation of RIGMoreover, they might be
suitable for other RNA carrying tasks they dematistt their ability to protect
RNA from degradatiom vivo andin vitro.

Systemic administration of colloidal carriers oftexsults in accumulation in the
liver, kidneys and lungs (Whitehead et al. 2008)pdrtantly, it was shown here
that antitumoral protection can be achieved by stayeous injection of
nanoparticle-bound isSRNA together with antigen, dsging the need for systemic
delivery. This proof of principle target was prevély demonstrated
oligonucleotides almost exclusively to the drainihgnph nodes following
subcutaneous injection, thus directing the oligéenttdes to the initiation site of
the immune response (Bourquin et al. 2008). Thabkas the selective triggering
of antigen-specific T and B cell responses with@sulting in systemic immune

activation.

In addition to their essential role for thevivo delivery of nucleic acids, gelatin
nanoparticles may have an adjuvant effect of tlwein. Indeed, particulate
adjuvants such as alum, poly(lactide-co-glycolyd®LG) and polystyrene
microparticles enhance TLR-induced secretion ofnfl@mmatory cytokines by
dendritic cells through stimulation of the NALP3flammasome receptor
complex (Sharp et al. 2009; Eisenbarth et al. 20083 thus possible that GNPs

may themselves activate the NALP3 inflammasome. Trdiced immune
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response may synergize with TLR7 activation by RNWgonucleotides and
contribute to the adjuvanticity of gelatin nanopdetdelivered RNA
oligonucleotides.

In conclusion, it was shown that GNPs are an efficdelivery system for TLR7-

activating RNA oligonucleotides both vitro andin vivo.
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Outlook starting from the above study

However, the immunologic antitumoral effects in utig 4A and B was not yet
optimal taking the large difference between solURMA and GNP-bound RNA
observed in Figures 1-3 into account. Thereforetinopation of the setup
conditions is a matter of ongoing follow-up expegms. In addition, the
effector/memory T cell responses induced by OVAnalmr OVA on 9.2dr
nanoparticles will be addressed. Finally, to achiekucial importance to clinical
utility by this iSRNA immunologic antitumoral conai current follow-up studies
explore the possibility of a treatment of existingnors instead of the so-far
employed prophylactic strategy. Therefore, OVA-egsing Pac02 pancreatic
tumor cells are used to establish an eligible neurmodel instead of B16
myeloma cells. Thereby, immune response can bé dquilvithin the established
two-week-period of three-fold immunization while ethindividuals do not
potentially die before that period due to a vergragsiveumor type (B16)In the
future, loading of immunostimulatory ODNs togethéth antigen onto the same
particles may further improve immunization outconas, recent studies have
shown that conjugation of TLR ligands and antigesult in superior activation of
T cell responses. Thus, an all-in-one vaccine fdatman in which GNP
simultaneously deliver antigen and adjuvant mayresgnt an advantageous

delivery system.
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3. In vitro effects of CpG oligodeoxynucleotides delivered bgelatin
nanoparticles on canine peripheral blood mononucleacells of atopic
and healthy dogs

3.1 Introduction

Canine atopic dermatitis (AD) is very similar teethuman equivalent and thus

considered a relevant model for human atopic detima{Marsella and

Girolomoni 2009). It possesses characteristic cdihfeatures and is associated in

most but not all cases, with the formation immupnbglin E (IgE) against

environmental allergy (Olivry and Sousa 2001). paéhophysiology is due to an
interplay of genetic, environmental and immunolodactors (DeBoer and

Marsella 2001; Olivry et al. 2010; Schnabl et @0@). A defective epidermal

barrier and cutaneous infections influence the sewf the disease (DeBoer and

Marsella 2001).

Allergen-specific immunotherapy is a recommendetapeutic option for canine

AD and was reported to be effective in controllolignical signs in approximately

60% of treated dogs (Olivry et al. 2010; Schnabhlet2006). In addition it is

recommended to control infections if present andegiore skin barrier function.

Glucocorticoids or calcineurin inhibitors may beeded in some patients,

antihistamines and essential fatty acids may befi@al in preventing recurrence

of clinical signs and/or decreasing the dose otgtorticoids needed. However,
cases of refractory canine AD are an unfortunate ifa small animal practice.

Thus, research on new immunomodulatory therapidssaudies investigating the

etiology and pathogenesis of this disease are atolig.

Novel therapeutic strategies for AD include cytesphosphate-guanine (CpG)

oligodeoxynucoleotides (ODN), signaling throughesmdosomal membrane based

type of pattern recognition receptor (PRR) the -Lie Receptor 9 (TLR9)

(Angel et al. 2008; Wernette et al. 2002). CpGsewnsrown to influence several

signaling pathways in a variety of immune cellgdiag to cytokine production

(Lee et al. 2009; Zhao et al. 2010) in many mameanasipecies (Fig. 1) (Olivry et

al. 2010).
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Fig. 1. CpG (class-A) GNPs directly stimulate pDCs whichme naive Tk cells
to CD4+ CD25+ T reg cells and subsequently leadnicreased IL-10 release
while Th2 responses are reduced and IgE releassuppressed. Red arrows
represent pro-allergic and green arrows regulatgrgthways. Orange arrows
indicate the anti-allergic interactions by CpG-GNPs

It appears that the specific purines and pyrimislisgrrounding the CpG motif, the
phosphothioated backbone, as well as the spaciegggebn CpG motifs may
influence both the level and the type of immunenstation (Krieg et al. 1995;
Mutwiri et al. 2003). CpG motifs improve the antig@resenting function of
dendritic cells (DCs), monocytes and macrophagetijde the proliferation of B
lymphocytes, stimulate the immunoprotective agivaf NK cells, and recruit T
cells to the site of ODN administration (Coesteraét 2006; Torchilin 2007,
Zwiorek et al. 2008). Recent studies showed thatitimune system responds to
CpG motifs by inducing potent Thl-like immune respes which can be
harnessed for immune therapy of cancer, allerggctious diseases (Krieg 2002),
autoimmune diseases, and sterile inflammation (karet al. 2007). As explained
in 1.1, CpGs are also promising adjuvant for vaesi(Angel et al. 2008; Bourquin
et al. 2008).In vitro testing of CpG showed that CpG ODN are powerful
stimulators for dog and cat immune cells (Wernettal. 2002). In humans, TLR9
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was identified in DCs, B cells and other cell tydsuse et al. 2009; Hashimoto et
al. 2005). Canine TLR9 mRNA expression was idezdifin macrophages (House
et al. 2009) and in PBMCs, lymph nodes, spleen lkaddeys (Hashimoto et al.
2005). Adverse effects following CpG ODN treatmare possible. However, there
is no evidence that modest doses of CpG ODN arecttijr toxic or cause
autoimmune disease in healthy animals (Zwiorek.€1G04).

Colloidal particulate delivery systems fall withine same size range as microbes
and thus are preferentially phagocytosed by DCsasadconsidered advantageous
for subunit vaccines based on proteins, peptidesCAHA (Hornung et al. 2002;
Keppel et al. 2008). It was previously shown thetain nanoparticles (GNPs) are
effectively taken up by TLR9 possessing cells (@mest al. 2006). The GNP
carrier system for ODNSs in this study prevents ematyc degradation, transports
CpG to the desired site of action, and is biodegv and biocompatible
(Torchilin 2007). The combination of reduced dosargd more specific carrier-
induced targeting contributes to one of the majmalg attributed to nanocatrriers -
less side effects (Zwiorek et al. 2008). Recentlisgirevealed that GNPs were
superior to other established carriers such as DTRREI or lipofectamine in
targeting the intracellular compartment endosonie@s, where the target receptor
TLR9 of CpG ODN is located (Bourquin et al. 201®yevision).

Our study aims were to demonstrate cellular uptakeCpG-GNP by canine
PBMCs and to evaluate its direct influence on ciytekproduction by PBMCs of
atopic and healthy dogs. Indirect influence of Catel CpG-GNP on PBMCs thru
stimulated macrophages was also investigated.

3.2 Materials and methods

This study was conducted at the Department of Wetgr Medicine, Small Animal
Clinic, LMU Munich. All experiments were jointlyrf@med by veterinarian Dr. A
Rostaher and the author.

3.2.1 Animals
Dogs suffering from AD (n=8) and concurrent hypasstvity to house dust mites
on intradermal testing or serum testing for allergpecific IgE were included.

Control samples were taken from healthy controlsd¢u=8) without history or
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evidence of cutaneous or systemic illness. All doigsoth groups did not receive
any form of immunosuppressive agents for at leastvegks prior to blood

collection.

3.2.2 CpG sequence

ODNs with the sequence GGTGCATCGATGCAGGGGGG (Kurtal. 2004)
were employed with a full phosphotioate backboneorfiers GmbH, Ulm,
Germany). For demonstration of intracellular lozafion by confocal laser
scanning microscopy (CLSM), a batch of CpGs wasl&bwith fluorescent dye
Atto 540 (Biomers GmbH, Ulm, Germany).

3.2.3 Preparation of GNPs

The unloaded GNPs were prepared by a two-step\gdsml method (Coester et
al. 2000) as previously described in chapter IR.1l. Fluorescence labeling
comprised the covalent attachment of Alexa 633 (ttyatrogen, Carlsbad, USA).
Cationization was carried out as established eaisviorek et al. 2004). All

involved chemicals were obtained from Sigma-Aldr{@aufkirchen, Germany).

GNP concentration was determined gravimetrically bynicrobalance (Mettler
Toledo UMX2, Greifensee, Switzerland). Intensityigited particle sizes were
obtained by dynamic light scattering (positron etation spectroscopy, PCS)
using a Zetasizer ZS Nano (Malvern Instruments, d&stershire, England). To
exclude the viscosity impact on PCS particle semilts, the viscosity of particle
samples was determined with an Anton Paar autormatexdviscosimeter (Anton

Paar, Graz, Austria). For Zeta potential measurérbefore and after loading,
GNP stock dispersions were diluted in 10 mM NaChat:10 ratio (V/V) and

measured in folded capillary cells (Malvern Instents, Worcestershire, England).

3.2.4 ODN loading of cationized GNP

Five mg of aseptically prepared nanopatrticles viecabated with 250 pug of ODN
in a total volume of 3339 ul filled up by PBS of pt# (5% w/w) for 2 h at 22°C
and under gentle shaking using a Thermomixer™ (&g, Hamburg, Germany)
device. As quality control, loading efficiency wasalyzed photometrically at 260
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nm (UV1, Thermo Fisher Scientific Inc., Waltham, A)Sin the samples’
supernatant after centrifugation and acceptedaifiing was at least 97% (w/w).

3.2.5 Blood sampling and PBMC isolation

20 ml of blood were collected from the jugular vesing EDTA containing tubes
on day 0 and day 10. Canine PBMCs were isolateddbgsity gradient
centrifugation of peripheral blood according to theoll-Hapaque method as
previously reported (Stehle M. 2008). Briefly, 13 oentrifugation tubes were
filled with 7 ml Ficoll® separation solution (Bioobm, Berlin, Germany) featuring
a density of 1.077 g/ml and covered with 7 ml blgdviously diluted 1:1 with
phosphate buffered saline (PBS). After centrifugativithout brake (40 min, 1200
g, room temperature), the concentrated PBMCs |dcatethe white interface
between plasma and separation solution were remuoy@ipetting. The cells were
washed and re-suspended thereafter in 10 ml RPKO-I&Il culture medium
(Biochrom, Berlin, Germany) completed with 10 % lm@vcalf serum (Biochrom,
Berlin, Germany) and 1 % penicillin-streptomycinidéhrom, Berlin, Germany).
PBMC viability and number were determined by tryfmine staining (Biochrom,
Berlin, Germany) and by cell counting in a Neubattember. In all experiments,
98% to 100% of cells were viable. The isolatedscelére stored at 4°C and used

within 1 hour.

3.2.6 Monitoring CpG-GNP uptake by cultured PBMCs of heathy dogs

2.5 x 16 PBMCs were transferred into p-slide 8 well ibiTfredcroscopy chamber
slides (Ibidi, Integrated BioDiagnostics, Martirestj Germany), covered with
300 pl composite medium and cultured for 10 dayse Gell culture medium was
changed every 2-3 days. Ten days old PBMCs wengbated with fluorescence
labeled CpG-GNP for 2 h. The supernatant was diyefemoved and the cells
washed using 300 pl PBS. Thereafter, the PMBC mangds were labeled with
100 pL Concanavalin A / Alexa 488 (Invitrogen, Ghdd, USA) solution for 1
min and washed three times with PBS. PBMC nucleiewstained with 50 pl
Hoechst 33342® dye (Invitrogen, Carlsbad, USA) fomin. After the final

washing step, cells were fixed with 4% paraformhajdie (Roth, Karlsruhe,

Germany). As reported earlier (Coester et al. 2000amber slides were finally
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prepared with a cover medium consisting of 10% MbdwW488 and 2.5%
diazabicyclooctan (DABCO) (Sigma, Taufkirchen, Gany), and visualized
employing a Zeiss 510 LSM NLO confocal laser scagmicroscope (CLSM,Carl

Zeiss Microscope Systems, Jena, Germany).

3.2.7 PBMC cultivation and immunostimulation

2 x 1¢ PBMCs were cultured in 24-well flat bottom Nung®ates (Thermo
Fischer Scientific, Wiesbaden, Germany) in a tetdime of 1 ml of standard cell
culture medium for 10 days at 5% génd 37°C, which was exchanged every 2-3
days. During cultivation, adherent cells acquiredacrophage-like phenotype.

1.5 pg of the positive control Concanavalin A (Cén Biochrom, Berlin,
Germany), 75 pg CpG and 1500 pg of CpG-GNP comgids ug CpG were
added to the wells containing cultured PBMCs amdilvated for 2 h, respectively

(Fig. 2).

supernatant

fresh PBMCs ' for ELISA

CpG-GNPs
added added

4 on Y oan
e T

supernatant
for ELISA

Fig. 2 Scheme of incubation setup: Either cultured cafB&MCs get incubated
for 2 h by CpG-GNPs with subsequent fresh PBMC temidiand supernatant
evaluation after 24 h stimulation or direct stimtiden of fresh canine PBMCs by
CpG-GNPs for 24 h.

Un-stimulated cells in cell culture medium only acells incubated with GNPs
alone served as negative controls. The supernatastremoved and the cells
were washed twice. To prove an indirect effect pGGand CpG-GNP on PBMCs

through stimulated macrophages, 2 X BBMCs from the same dogs were added
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to the wells containing macrophages and incubaie@4 h at 5% C@and 37°C
(Fig. 2). The direct effects of CpG and CpG-GNPRBMCs were explored by
stimulating 2 x 10 PBMCs from the same dogs without presence of\vaikil

cells. The culture supernatants were collected &deh incubation (Fig. 2) and

then stored at -80°C until use.

3.2.8 Quantification of cytokines

Cell culture supernatant concentrations of interiegamma (IFNy), interleukin
(IL)-4, IL-6 and IL-10 were measured by Canine Gyte Milliplex
(C CYTO 90K-04, Millipore, Billerica, USA) accordin to manufacturer
instructions. The cytokines were quantified by a-Biex 200 reader (Bio-Rad,
Hercules, USA) equipped with the Luminex® xMAPTMcha@ology detection
system. Result calculation was performed with the-Bex Manager Software
The used MILLIPLEX ® Map is based on Luminex® xMA€chnology which is
characterized by the feasibility to measure ther feelected analytes in one
sample well at a time. In brief, 5.6 pum microspkergernally color-coded with
two fluorescent dyes are used to create a set@diddinctly colored beads by a
specific concentration relation of the two dyesach bead. Every single bead is
coated with a capture antibody specific for an yealHere, anti-IFN¢ capture
antibody is located in the 07 bead region, IL-4he 41, IL-6 in the 47 and IL-10
66 bead region (Fig. 3). The bioassay steps taioapind detect the cytokines of
interest take place on the bead surface instedltegblate surface or well bottom
as it is with common ELISAs. The capture antibodaes bound covalently by
amid-bonds to the microsphere surface.

If these coated beads encounter their specificysnah the reaction mixture,
binding occurs which is followed by the introductiof the biotinylated detection
antibody and the incubation with the reporter moleStrepavidin-PE conjugate
(Fig. 4). After completion of the bead surface tears quantification analysis can
be performed.
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5.6 Microns

Bead #56, TNF-a

Bead #29, IFN-y Bead #12, IL-6

The bead is
impregnated
with the

dye mixture

Fig. 3: Milliplex ® microspheres: 100 separately addredsabicrosphere sets.
So theoretically 100 different sets are obtainabbh representing a single well
of a plate (www.millipore.com).

Next, the samples are taken up by the Luminex®ctiete system as a particulate
suspension and lined up in single before passirgutiin the detection chamber.
In there, two lasers are applied to identify thadand there fore the analyte on
the one hand, and the PE label of the conjugatpiémtify the relevant cytokine

on the other hand: The red laser to excite thenatemicrosphere dyes and the

green laser to excite the report dye associatétetoytokine conjugate. (Fig. 4)



162 Gelatin nanopadghs a valuable tool in immunotherapy

Fig.4: Dual laser detection to classify and quantifyaymhes in FACS-like
analysis chamber (www.millipore.com).

Each individual signal is finally processed to afitative bioassay result giving
the concentration of each cytokine in the origiealution. The four detection
antibody conjugated beads can be added to eacle sagiple to obtain four

results from each sample.

3.2.9 Statistical Analysis
An analysis of variance with a Tukey post test ath non-parametric data a
Kruskal Wallis test with Dunn post test) was usedcbmpare the cytokine

production in the various groups. The level of gigance was set to p<0.05.

3.3 Results

3.3.1 Formulation quality control

GNPs featured a hydrodynamic diameter of 247 nD.($1.13 nm) before and
243.1 nm (S.D. £2.51 nm) after loading. The zettepial measured in 10 mM
NaCl remained constant at +18.0 mV and at a condiycof 1.18 mS/cm. CpG
surface loading remained at 98% (m/m) or highepdst complexation (ll, 2.1).
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3.3.2 CpG-GNP uptake by cultured PBMCs of healthy dogs

Fluorescent labeled plain GNPs were taken up byumd PBMCs and
accumulated in distinct intracellular regions. Imext step, CLSM confirmed
cellular uptake of the CpG loaded GNP formulationsultured PBMCs (Fig. 5).
The fluorescent labeled CPG-GNPs appear as yelfmts swithin the cells but

outside the nucleus stained blue.

Fig. 5: Exemplary CLSM picture illustrating cellular uptakedf CpG-GNPs

(yellow, Alexa 594 staining) by cultured PBMCs (Bus blue, Hoechst 33342
staining and cell membrane green, Concanavalin Meka 488 staining) after
120 min of incubation.

3.3.3 Cytokine quantification

There was no significant increase triggered by dagmulation in IL-4
concentration in any group (Fig. 6a and 6b). Whilgpernatants of untreated
macrophages of atopic and non-atopic dogs featlB&dgg/ml and 171 pg/ml and
those of untreated fresh PBMCs of atopic and nopitatdogs 182 pg/ml and 194
pg/ml, respectively, IL-4 concentrations of all ethreated groups lay below. IL-
6 concentration was below the detection thresholalligroups and consequently

could not be evaluated.
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Fig. 6a IL-4 release of fresh PBMCs (PBMC) and 10-day celiumacrophages
(M) of atopic individuals upon stimulation by GNRfone, Concanavalin A
(ConA) as a positive control, CpG alone or CpG leddsNPs (CpG-GNP) or
without stimulation (neg. contr.) (=8, £S.D.).
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Fig. 6b: IL-4 release of fresh PBMCs (PBMC) and 10-day celfumacrophages
(M) of non-atopic individuals upon stimulation by GNPs alone, Coraaiin A
(ConA) as a positive control, CpG alone or CpG leadsNPs (CpG-GNP) or
without stimulation (neg. contr.). The y-axis scal@s chosen for better
comparison to expression of other cytokines (n=8,R.).

In contrast, direct CpG-GNP stimulation of PBMCs atopic and healthy
individuals resulted in significantly higher contertions of IL-10 compared both
to negative control and to CpG alone. In additidan A significantly increased IL-
10 in comparison to the negative control and to Gpahe, but not compared to
CpG-GNPs (Fig. 7a).

For healthy dogs, IL-10 release upon Con A stimafadid not differ significantly
from CpG alone (Fig. 7b), the latter did not sigrahtly differ from the negative
control. However, indirect stimulation of PBMCs dhgh macrophages did not
exhibit any IL-10 increased release upon any stisigbmpared to negative control
both in atopic and healthy dogs.
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Fig. 7a IL-10 release of fresh PBMCs (PBMC) and 10-dayweld macrophages
(M) of atopic individuals upon stimulation by GNRfone, Concanavalin a
(ConA) as a positive control, CpG alone or CpG leddsNPs (CpG-GNP) or
without stimulation (neg. contr.). Relevant intéateons’ levels of significance
are indicated by * for p< 0.05 and ** for p< 0.0(h=8, £S.D.).
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Fig. 7b: IL-10 release of fresh PBMCs (PBMC) and 10-day weld
macrophages (M) of non-atopic individuals upon station by GNPs alone,
Concanavalin a (ConA) as a positive control, Cp@nal or CpG loaded GNPs
(CpG-GNP) or without stimulation (neg. contr.). ®ent interrelations’ levels of
significance are indicated by * for p< 0.05 and for p< 0.01(n=8, £S.D.).

IFN-y was released by macrophages (198 pg/ml) and R&MCs (237 pg/ml) in
atopic and non-atopic dogs only upon Con A stimoiaind not after incubation
with CpG or CpG-GNPs (Fig. 7). Standard deviatiohsnean were observed as
very high. Thus, no levels of significance coulddixained.
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Fig. 8a IFN-gamma release of fresh PBMCs (PBMC) and 10-dakured
macrophages (M) of atopic individuals upon stimigiat by GNPs alone,
Concanavalin a (ConA) as a positive control, Cp@na& or CpG loaded GNPs
(CpG-GNP) or without stimulation (neg. contr.) (n=8S.D.).
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Fig. 8b: IFN-gamma release of fresh PBMCs (PBMC) and 10-dalured
macrophages (M) of non-atopic individuals upon station by GNPs alone,
Concanavalin a (ConA) as a positive control, Cp@na& or CpG loaded GNPs
(CpG-GNP) or without stimulation (neg. contr.) (n=8S.D.).

3.4  Discussion

In this study, CLSM demonstrated successful uptdlstable CpG-GNPs by canine
cultured PBMCs within 2 h. In addition, direct stitfation of PMBCs with CpG-
GNP resulted in a significant increase of IL-10crction.

It was previously shown in proliferation assayatt&pGs alone are taken up by
canine immune cells (Wernette et al. 2002). In thisdy, CpG uptake was
visualized directly by ultrastructural analysis ftre first time to the authors’
knowledge. This demonstrated uptake is a precamdittr CpG and/or CpG-GNP
related immunologic effectdn vitro immunologic effects of CpG-GNP or CpG
alone were compared to controls. The bead-basaddjwometric method used in
this study facilitates simultaneous quantificatmindifferent cytokines within one
sample (Lee et al. 2009; Zhao et al. 2010).

There was no significant increase in any of thdyaea cytokine concentrations
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after stimulations with CpG-GNP or CpG alone ininermacrophages. This can
be explained by the fact that TLR9 is not the pryn@RRs pathway in canine
macrophages, as was previously shown (House &08B). The production of
cytokines is controlled by RNA and proteolytic pessing (Abbas AK et al.
2010). Therefore, degradation of pre-existing cytek in the 24 h incubation
time is possible but rather unlikely as cytokinedarction was shown in PBMCs
subjected to the same incubation conditions. Tineugation time may have been
too short. However, based on the demonstrated epélCpG and CpG-GNP
after 2 h, this time period should be sufficient foacrophage stimulation. It is
unlikely that a low viability of cells in the magsbage cultures was responsible,
as in the atopic group there was a high produatibmhl cytokine IFNy after
stimulation with Con A. Therefore, the present otaton is in accordance with
the previous finding that macrophages require otfetner cells for effective
response to the CpG challenge such as pDCs codtainéhe fresh PBMCs
preparation (Hornung et al. 2002).

A shift towards a Thl and T regulatory immune res@oduring allergen specific
immunotherapy (Keppel et al. 2008; Shida et al42@0r treatment of canine AD
was showrin vivo andin vitro. The same was found for CpG employment in cats
(Reinero et al. 2008) and CpG-allergen conjugatesiumans (Simons et al.
2004). Clinical efficacy of CpG-allergen conjugatg&eticos et al. 2006) and
CpG-virus-like-particle formulations administerengéther with allergens were
demonstrated in humans (Senti et al. 2009).

No in vitro production of IL-4 was observed in the atopic ealthy group. This is
in concordance with previous studies. The firstvivo study in canine atopic
patients using liposome-plasmid DNA complexes shibaesignificant decrease
in serum IL-4 and pruritus scores (Olivry et al.1@R Although IL-4 is a key
mediator in pathogenesis of AD it cannot alwaysléected in atopic individuals
(Kim et al. 2003). IL-4 was also not detectable anstudy evaluating rush
immunotherapy with CPG in a colony of asthmaticscatonsistent with the
present results (Reinero et al. 2008).

The most essential finding was a significant inseedgn IL-10 in atopic and
healthy dogs after direct PBMC stimulation with G@BIP compared to CpG
alone and negative control. These differences widLproduction suggest that

GNPs can enhance the immunomodulatory effects oz Gond provide
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preliminary evidence for the use of GNP formula@uG in dogs. The source of
IL-10 could be B cells, dendritic cells and/or CORB25+ Teg cells (Krieg
2006). Kurata et al (Kurata et al. 2004) used #maesODN sequence which was
employed here. However, in this study a fully phaspthioated backbone was
used which probably enhanced the CpG action onllB icethis study and which
consecutively produced more IL-10 (Krieg et al. 399 This backbone
modification was also selected to achieve an irs@@a resistance to
endonucleases, longer half-life and thus greatemunomodulatory effect.
Moreover, the higher charging of this modificationght have let to repulsion
effects and consequently to a lower tendenciegléfassociation. Instead, these
CpG strands were more easily fixed to the GNP sarfand thus the
immunomodulative impact might have been enhancedrdstingly, elevated IL-
10 mRNA transcription aftein vitro stimulation of canine PBMCs with ODN
rich in CpG34 and elevated IL-10 protein levelemabtimulation with synthetic
agonists of TLR935 were reported earlier. In catirthein vivo use of CpG in
adjuvant rush immunotherapy in experimental felalkergic asthma did not
reveal any changes in IL-10 in bronchoalveolardfi{Reinero et al. 2008).

IL-6 release by any cellular setup was not deteutetthis study. This finding is
concordance with a study evaluating synthetic agsnof TLR9 where only a
mild increase in IL-6 was detected (Im Hof et &08). This is of particular
importance as IL-6 was shown previously to haveigpeessive effect on Treg
cells (Pasare and Medzhitov 2003). Due to thetfadt Treg cells are the primary
mediators of peripheral tolerance playing a pivatdé in modulating chronic
inflammatory diseases (Vignali et al. 2008), a deegulation by released IL-6
would have been detrimental to the desired devedoprof immunotolerance in
the treatment of dogs with AD.

IFN-y, the Th1 signature cytokine, was not detected afteulation with CpG in
contrast to the findings of Kurata et al (Kurataakt 2004) and others (Krieg
2002). This needs to be elucidated in further swmdibut could be due to
inhibition of IFN-y production by high IL-10 concentrations. IL-10 weds
proliferation of DCs, blocks IL-12 secretion andishsuppresses IFNindirectly
(Pasare and Medzhitov 2003; Im Hof et al. 2008).

In summary, the concurrent use of CpG with a GNRiaraincreased IL-10



172 Gelatin nanoparticéssa valuable tool in immunotherayg

production by PBMCs in both, atopic and healthysiddacrophages seemed not
to be the primary CpG canine cell target. Clinistaidies in humans suggest that
allergens in combination with CpGs are an efficasiand safe treatment option
for asthma and allergic disease. Such studies mineapatients with AD are
currently in preparation as this treatment mayltesthigher clinical efficacy and

possibly less adverse effects.
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4. Nucleic acid-based immunotherapy against hyperserisiity —
preformulation studies for an inhalative CpG-GNP famulation for
RAO therapy in horses

4.1 Recent developments in nanoparticle administratiomy inhalation

Pulmonary delivery as a non-invasive route of dadministration still constitutes
a vivid research field in the treatment and diaghad respiratory and non-
respiratory diseases (Smatd al. 2008). Within, nanoparticulate delivery is a
clear but dynamic quota offering an advantageouspgetive e.g. for a lung
application of GNPs in future immunotherapeutitisgs.

GNPs have demonstrated their feasibility as a eami several settings to include
mediating antitumoral immunotherapy by adjuvant Cgébxyoligonucleotides
(Bourquinet al. 2008). By addressing toll-like 9 receptors (TLR®) plasmoidal
dendritic cells, T effector cells are subsequemityivated by interleukins (IL)
such as IL-12 to overcome agony and CD8 T cellagagn the desired cytotoxic
action. However, besides immune activation, a redo®f immune response in
events of hypersensitivity can be generated viaIBBonists as well (Jurk and
Vollmer 2007; Krieg 2006). Equally, a promising Ifieis the treatment of
hypersensitivity such as allergies and asthma. Rewu airway obstruction
(RAO), also referred to as chronic obstructive biotis (COB), is a common
equine incident which is to date not yet completalyable (Horoho\et al. 2005;
(Kunzle et al. 2007). Therefore, an administrandfGNP formulated CpG to the
lung seems to be a valuable direct delivery attemighiout painful parenteral
injection. In order to conduct relatéd vivo studies, the impact on GNP integrity
must be evaluated for appropriate aerosol-formiegads. They should provide
adequate droplet sizes with embodied GNPs for ss@ule lung deposition,
preferably ranging from 1 — 5 um known as the fpaaticle fraction (FPF)
(Ghazanfari et al. 2007).

The lower airways with respiratory brochioles armdealar sacs (WEIBEL and
GOMEZ 1962) offer a large surface area for drugriattion. Most common are
local therapeutic strategies involving steroiddomynchodilators in the treatment
of COB, asthma or cystic fibrosis as well as anthoibial agents against

infectious diseases such as tuberculosis (Pure®@d; Rytting et al. 2008).
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Direct targeting of the area of therapeutic interesables a reduction in
administered drug amount compared to e.g. oralvoraute (Vaughn et al. 2006)
leading to reduced side effects (Keller 1999). &yt delivery is facilitated by
the alveolar sacs morphology including an extraw@d;i thin epithelial barrier of
0.1-1 um, high blood flow, low enzymatic activitgcafinally the avoidance of the
first past effect (Butz et al. 2002; Rytting et 2008). However, despite intense
research, which concentrated mostly on the appiicaitof antibiotics and insulin,
systemic access via the inhalative route has sdfarmajor drawback since the
withdrawal of inhalative insulin Exhubera® in 18607.

The abolishment of ozone depleting chlorofluorooash (CFC) following the
Montreal protocol led both to its replacement bydiofluoroalkanes (HFA) in
pressurized metered dose inhalers (pMDI) and toinereased use of non-
pressurized systems (Kawashima et al. 1999). RieedypMDIs were among the
earliest and are still among the most establisgstems in use for the delivery of
dissolved or suspended active ingredients to tlspinaory tract (Brown and
George 1997). They were successfully employed eénadrosolization of protein
formulations such as insulin-containing nanopagticbr emulsions (Butz et al.
2002; Nyambura et al. 2009; Butz et al. 2002; Nyarabet al. 2009). Non-
pressurized systems comprise dry powder inhalePds)Dpneumatic jet inhalers,
ultrasound nebulizers and most recently vibratirgsim(VM) devices (Waldrep
and Dhand 2008). DPIs were meanwhile widely emplofge standard asthma
medication but were also used to deliver complesmntdations such as dry
powder microparticle-bound nanoparticles. Examplese polyacrylate NP-
bound Salbutamol sulfate (Hadinoto et al. 2007) @hdosan-NP-bound Insulin
(Grenha et al. 2005). However, pure nanoparticlemfdations cannot be
delivered in that manner due to too small partgi#e (< 1um) and thus missing
lung deposition and consequently exhalation ofdneaulation (Sung et al. 2007).
Therefore, excipients like micronized lactose widentified as beneficial (Finlay
et al. 20050127) and e.g. GNP aerosols were sdatgdermulated as DPI after
spray drying loaded with a placebo drug (Sham.e2G04).

Pneumatic jet nebulizers were available since 8t)ies and possess the ability
to nebulize preparations of high viscosity suclsaspensions. Negative attributes
were their limited portability, high residual deaolumes making dosage of drugs

featuring critical therapeutic ranges difficult. Mover, high shear forces
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represented another problematic factor impactiegditug formulation during the
application process (Waldrep and Dhand 2008; GHamaet al. 2007). Still,
Insulin solid lipid nanoparticles were delivered ttee lung by this means and
resulted in prolonged plasma glucose and insulafilps (Liu et al. 2008). The
newer type of ultrasound nebulizers suffered froeathgeneration during the
nebulization process which negatively affected gieesmaterials such as protein
and nucleic acids while suspensions cannot be gsededue to their viscosity
(Lentz et al. 2006; Ghazanfari et al. 2007). Hemtteasonic nebulizers could not
be successfully introduced for nanoparticulateipodomal applications (Elhissi
and Taylor 2005). For instance, Dailey et al. reeeisufficient mass median
aerodynamic diameters (MMAD) by ultrasonic nebul@a but reported
inconsistent output and increased patrticle aggi@géDailey et al. 2003). On the
contrary, VM devices proved their feasibility tobndize both delicate and slightly
viscous formulations (Ghazanfeet al. 2007; Lentzet al. 2006; Waldrep and
Dhand 2008; Elhissi and Taylor 2005). Among thetth gassively VM devices
such as the Omron Microair nebulizer which can isgriyuished from active VM
devices such as the AeroNeb Go of Nektar (Ghazasfaal. 2007). The first
group featured a perforated plate with approxinyaBlum-diameter holes. The
plate was passively induced by an attached piegstairvia a transducer horn.
The fluid got extruded through the microholes andsequently, the aerosol was
formed. As a result, very high nebulized drug outefficiency was achieved
while output rates tended to be relatively low ay@hsed early when viscous
formulations were involved. Conversely, the actvéM devices featured a plate
with dome-shaped apertures which are moved up-damthwards 19times per
second in a micrometer range by an electric vibgaglement. This micropump
extruded the fluid and thus created the aerosoht@ifariet al. 2007). Described
advantages of the active VM device were a moredraprosol generation and a
relatively high nebulized output over 70%. Approaiely 50% of the nebulized
droplet output were sized as FPF below 5.21 pmtlaeckfore reached the lower
airways’ area of interest without inactivation aenaturation of delicate active
pharmaceutical ingredients (API) (Haroon et al. 20@& comparable VM device
was employed recently to successfully nebulize dempPLGA-PVA
nanoparticles loaded with a model drug (Beck-Brsiitér et al. 2009).

Compressor or jet nebulizers apparently were nitalde in our application of
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fragile CpG. Nevertheless, jet nebulized GNPs gar@mising results such as
enabling targeted lung cancer delivery of chemeibeuntic agent cisplatin (Tseng
et al. 2007; Tseng et al. 2009). While the mediaplét size was determined and
lung deposition was proved vivo, no further characterization of the data of the
nebulization process itself was given. Therefora) established devices with
different VM techniques were compared in additian the pMDI for GNP
integrity, its impact on various parameters’ inflge of viscosity, its importance
of administration time and recovered concentrati@after quantitative
recondensationin vitro, the ability of nebulized CpG loaded GNPs wasetdsh
comparison to original non-nebulized ones to triggel0 release from relevant
cultured equine lymphocytes gained from bronchadarelavage fluid (BALF).
Bronchoalveolar lavage is an established methaddover respiratory secretions
in peripheral airways and alveoli by a flexibledibronchoscopy and make them
available for subsequent cytological investigatigBernstein 1984; Hoffman
2008). The presented findings constituted a preséquor further equinén vivo
studies.

4.2 Materials and Methods

4.2.1 Materials

The immunomodulative single stranded mixed phodpbester/-diester
backbone CpG-ODN 2216 «class A with the sequence 5'-
G*G*GGGACGATCGTCG*G*G*G*G*G*-3" was received as lyilisate from
biomers (Ulm, Germany), diluted in sterilely filteal highly purified water
(HPW) produced by a purelab plus device (Elga ldbwaCelle, Germany) to a
final concentration of 1 mg/ml and stored at -8@tdinal use. IL-10 quantifying
equine Duo set ELISA was purchased from R&D Syst@vianeapolis, USA).
Liquefied gas propellant HFA 134a was obtained frdamick GmbH (Stuttgart,
Germany).

4.2.2 Preparation of the CpG-GNPs

Plain, cationized and fluorescent labeled GNPs weepared as described in
chapter Il, 1.2.1 according to the established quas (Coesteret al. 2000;
Zwiorek et al. 2008). 20 bases long CpG-ODN 2216 (Biomers, Ulrarn@any)
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was loaded onto the GNP surface in HPW by electtiasattraction. To ensure
colloidal stability, the CpG concentration was ®eb % (m/m) based on the GNP
mass. For this, the aseptically prepared samplesatibnized GNPs were
subsequently incubated for 1 h at 22 °C and 300 wgimg a Thermomixer™
device (Eppendorf, Hamburg, Germany). The concBoiraof the GNP
dispersion was set to 0.5, 1.0 or 1.5 mg/ml forsegient different nebulization

setups.

4.2.3 Determination of nanoparticle properties and dispesion viscosity
Particle sizes were determined by PCS using a Zzetadlano ZS (Malvern
Instruments, Worcestershire, England) as describede in chapter Il. Intensity
weighted particle mean diameter (Z-average) and &Dthe width of the fitted
Gaussian distribution were calculated by the DTSMO software from at least
15 subruns. For Zeta potential measurement befudeatier loading GNPs were
diluted in 10 mM NacCl to maintain a sufficient budt too high ionic strength in
terms of conductivity and electrode corrosion. GddRcentration was determined
gravimetrically (Mettler Toledo UMX2, Mettler, Gfensee, Switzerland).
Viscosity of GNP formulations was determined prioebulization by an
automated microviscosimeter (AmV) device by AntomaP GmbH (Graz,
Austria). Percentile loading efficiency was provedirectly by UV-spectroscopy
at 260 nm wavelength (UV1, Thermo Fisher Scientific., Waltham, USA)
Therefore, the supernatant(s) of CpG-GNP samplggraatants of GNP controls
(without CpG) and supernatants of CpG controlsh@aut GNP) were taken into

account as given below:

CpG loading :(1_(OD of s(CpG-GNP) - OD of s(GNPcontrol)D < 100[%4]

OD of s(CpG control)

4.2.4 GNP aerosolization
For aerosolization by pMDIs, 12 ml aluminium pMDdrtainers were filled with
3,50r 10g of al mg/ ml GNP dispersion and @wdh dosing chamber and

purging valves was positioned on top of the comtiai€rimping and subsequent
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liquefied propellant filling trough the dosing chlaer was conducted by a hand
operated laboratory plant 2005/2 (Pamasol, PfamffilkSwitzerland). The filling
weight of propellant was kept constant at 1.5 ¢Dp resulting in 2:1, 4:1 and
8:1 GNP dispersion : propellant ratios. To estimed@sistency of dosing, a
sequence of 30 spraying passes was performeddbrfeanulation and the pMDI
was weighted after each pass. Aerosols and dropkats collected in suitable 50

ml tubes for subsequent GNP characterization.

-

Fig. 1: Experimental setup of the 4 £1°C chiller (a), coliag flask (b) and
vacuum pump (c) to determine GNP concentration wdcipitated vapors
generated by the nebulizer Microair.

VM-nebulization was performed by a passively vilmgt NE-U22V Microair

(Omron, Matsusaka, Japan) and an actively vibrafvegoNeb Go (Aerogen,
Galway, Ireland) device. The Microair instrument swamployed with the
manufacturer-provided rubber supplement mouth pi¢er. 1) while the

AeroNeb Go was either (a) used with the manufaciorevided “nebulizer body”

connected to the essential medication cup/aeraswrgtor part or (b) with a 90°
glass connector with joints that suitably matchld tnedication cup/aerosol
generator part’s outlet side. Nebulization efficgr{NE) was determined for all
three instrumental setups by weighing the VM dewegore nebulization and
after operation to dryness. The latter was consttl@pparent when visibly no

more vapor escaped from the aerosol generatorr Aitesion of the weights, the
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results were given in percent. To determine thet-pebulization weight, the
whole instrument with all practically relevant ates or nebulizer bodies was put
on a lab balance (College, Mettler Toledo, GreigensSwitzerland). Therefore,
only those portions of the nebulized formulatiomttitompletely escaped the
apparatus (nebulizer plus auxiliary parts) and equently contributed to the
deposition study were considered relevant for tkechllculation.

For size and concentration evaluation of post-hedtl GNPs, the resulting
aerosol was collected in a closed glass systemppedi with a water cooled
chiller at 4°C to quantitatively condensate vap&ither the Mircoair VM device
(Fig. 1) or the AeroNeb Go VM device with attaclgddss connecter was fitted to
the closed glass system. An applied vacuum ofribérs which translated to a
flow rate of approximately 30 I/min (Vaccubrand C2@D, Wertheim, Germany)
was introduced to assure high yields of GNP dispers1 the collection round
bottom flask.

Subsequently, intercepted samples were analyzedifer size distribution and
concentration. Results were compared to the prefizell ones, respectively.

4.2.5 Droplet size analysis

Droplet sizes of dispersions nebulized by the twd Yevices were assessed by
laser diffraction. Therefore, 0.5 ml of a GNP dispen (1 mg/ml) were nebulized
and the vapor was directed through the 633 nm lasam of a Mastersizer X
long bench (Malvern Instruments, Malvern, UK) i 4m distance to a 300 mm
lens. Droplet sizes were calculated by the ver8id® Mastersizer software using
an implemented model based on a particle refractndex of 1.45 and a
dispersion optical density of 0.276 at 633 nm. Resare the mean diameter of
three runs each with 1000 measuring events. Canelpg FPFs defined as the

particle fraction below 5.21 um were given in patce

4.2.6 Deposition study

For deposition studies, fluorescence labeled GNRth wovalently bound
Alexa 633 dye were employed at a concentration ofgl/ ml and characterized
according to Ph. Eur. by apparatus type A twinstgtass impinger apparatus
(Copley Scientific Ltd., Nottingham, UK, Fig. 2).FAV was introduced in the
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upper (7 ml) and lower (30 ml) stages of the impmgnd a steady flow rate of
60 | / min was maintained during the aerosolizapoocess by a Glax. Sing. Sta.
pump (Erweka GmbH, Heussenstamm, Germany) to npimysiologic breathing
air flow. Additionally, a 500 ml aerosol spacer (GSBrentford, UK) was

introduced as a pre-separator between the VM-nsdgulor pMDI and the

impinger.
-
b
\\ ///
= F VM-nebulizer
(/_\ a
h I
— ﬂx\
vacuum

FPF collecting
[asnnnsl Stage

Fig. 2 Experimental setup of the nebulizer — here Omrdficroair- connected
to the spacer (a) which was attached to the twagstimpinger (Ph. Eur. device
type A) with mouthpiece (b), stage one (c) andestag (d).

FPF to be found in stage 2 of the impinger was idensd the respiratory fraction
(RF) as part of the whole nebulized fraction. Risswolf single fractions were
calculated (standard curve) by referring the massspage calculated from the
detected fluorescence intensity of Alexa 633 labh&lNPs to the whole applied

mass of GNPs in the nebulizer and given in percent.

4.2.7 Cell culture and immunostimulation

Bronchoalveolar lavage fluid (BALF) was collectedrh a 20 years old male
horse of 520 kg body weight with RAO condition dedaby detomedine (0.01
mg/kg) and butorphanol (0.01 mg/kg) i.v. as preslgulescribed . An endoscope
was passed nasotracheally for visual inspectiotheftrachea (Hoffman 2008;
Jacksoret al. 2004). For local anaesthesia, 10 ml of a 2% mepiv@ solution
were passed through the endoscope channel andvarftisr the endoscope was

pulled back up towards larynx. Subsequently, a BAddtheter (Bivona Inc.,
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Gary, USA) was inserted as far as the bifurcatrachteae, firmly adjusted by a
balloon and then employed to introduce two 100 Iguats of sterile 0.9% NacCl
solution. The 200 ml were immediately aspired admimew sterile syringes and
transferred to sterile 50 ml centrifugation tub®@amples were refrigerated at 4°C
shortly until subsequent centrifugation at 12000g & minutes to spin down
contained cells. The pellet was resuspended in RREdium (Biochrom AG,
Berlin, Germany) supplemented with 10% FCS and fig/nl penicillin and 113
ng/ml streptomycin. Cell numbers were counted usangNeubauer chamber
(Laboroptik GmbH, Friedrichsdorf, Germany). 2 x°1€ells per well were
transferred to a 96 well polystyrene cell cultutatg (Techno Plastic Products,
Trasadingen, Switzerland). Per individual well,@hdng were GNPs loaded with
13.5 pg (5% (w/w) CpG, they were (a) transferreceatly without further
processing to a cell culture 2 x °10ells of BALF cells per well or (b) first
nebulized by the active VM-device, completely regai from the vapor and
added to the cell culture.. Incubation was setdt 2t 37°C in a 5% (V/V) COD
atmosphere. Afterwards, culture plates were cemeidl at 1200 g for 6 min. and
cytokine IL-10 was quantified from collected supmants by an equine IL-10
ELISA (Duoset, R&D systems, Minneapolis, USA) actog to manufacturer’s
instructions. Detection wavelength was 450 nm. Remg cell pellets in the well
plate were immediately resuspended in 300 pl o4,3-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) working satut consisting of 82% PBS,
9% FCS and 9% of a 5 mg/ml MTT stock solution. HgnB0.135 mg MTT
reagent was applied per 2X1¢ells. After two hours of incubation at 37°C and i
5 % (V/IV) CO culture plates were centrifuged at 1200 g for 6.n8opernatants
were discarded and the remaining pellets resuspemde00 ul DMSO and
subsequently analysed at 590 nAll samples and related analysis were

conducted in triplicate.
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4.3 Results

4.3.1 Particle characterization upon nebulization by pMDI and VM-

devices

First, the impact of nebulization by pMDI was asses Therefore, vapor
fractions were collected, and PCS measurementsalexvenitial high particle
sizes and size distributions (PDI values) that dighied in the course of
application (Fig. 3). Over a storage time of 4$KNIDI formulation exhibited no
negative impact on unloaded GNPs’ stability. As plfferential weighing,
maximum achieved NE with the pMDI was 77.4% for th& GNP dispersion :
propellant ratio formulation while the others (28t1) remained slightly below.
After this degree of drawdown, pressure was too towensure aerosolization
upon liquid’s exit from the container via the pungivalve. Average dosing was
68 mg formulation per pass. However, the S.D of @Q indicated a high

variability translating to a relative standard dgnin of 29.4%.

500 ~ r 0.7

400 -

300 -

PDI

200 +

particle size [nm]

100 -

1to 10 11to 20 21to 30
number of spraying passes

size GNP : propellant 2:1 FZ#Asize GNP : propellant 41 [ size GNP : propellant 8:1
—=— PDI GNP : propellant 2:1 --®--PDI GNP : propellant 4:1 —4- PDI GNP : propellant 8:1

Fig. 3: Particle size and size distribution characterizgdtbhe PDI value of GNPs
nebulized by pMDI in dependence of the aqueous BNfPopellant ratio and of
the number of praying passes (n=3, £S.D.).
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GNP integrity was indeed not altered over time bg formulation with HFC
propellant as most likely no interaction occurredween the hydrophilic GNPs
and the inert simultaneously hydrophobic and lipdpb liquid gas (Table 1).

time point [h] size [nm] S.D. PDI S.D.
0 163.8 3.8 0.173 0.036
15 150.2 1.3 0.072 0.007
3 152.7 1.8 0.063 0.028
48 153.9 2.4 0.076 0.015

Table 1: Particle size and size distribution characterizeg the PDI value of
GNPs nebulized by pMDI in dependence of the stotage within the pMDI
container (n=3).

For unloaded, fluorescing GNPs with an originaésiz 145.5 nm (x1.76 nm) and
a very low PDI of 0.038 (x0.025), neither VM-nelzaiion process altered the

assessed parameters significantly (Table 2).

Omron’s Microair®

¢ [mg/ml] size [nm] S.D. PDI S.D.
0.5 149.9 1.373 0.027 0.017
1.0 147.4 2.061 0.059 0.035
15 146.2 1.601 0.024 0.015

Nektar's AeroNeb Go®

¢ [mg/ml] size [nm] S.D. PDI S.D.
0.5 144.9 1.084 0.037 0.025
1.0 144.6 0.989 0.021 0.014
15 145.6 0.734 0.032 0.023

Table 2: Sizes and size distributions of plain GNPs afteibutization
(n=3,£S.D.).

As shown before (Fuchs et al. 2010), particle stdstermined by PCS grow after
cationization. Accordingly, above mentioned paesclof 1455 nm were
considerably larger (250 nm) after cationizatiompared to the state before the
modification. This size did not change considerdb)yCpG loading to the GNP
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surface which was important to guarantee overdlbicial stability. However,
CpG-loaded GNPs of being sized 256.2 nm (+3.63 prajnebulization turned
out to be significantly smaller at 222.3 (x1.42 nafjer nebulization by the
Microair while not being significantly different &48.2 (+7.34 nm) with the

AeroNeb Go device.

4.3.2  Nebulization efficiency of VM-devices

NE remained consistent within the repeated measemtsrior each single device
as demonstrated by low S.D. values. Furthermore,GNP concentration has
hardly any impact on the NE. A negligible tenderafyhigher percentile NE
values with rising concentration is visible assit93.8, 97.0 and 95.9% and 94.4,
97.0 and 97.8% for the Microair and for the gladapaer-supplemented AeroNeb
Go, respectively (Fig. 4). However, the applied 8stem has an impact. While
the above given values peak near 100%, using themescial nebulizing body,
the AeroNeb Go’s NE ranks only half at about 50%levthe rest is trapped in the
device (Fig. 4). Recovered masses of re-precipita@mples in the round flak

collector were 70.2, 71.7 and 79.1% (m/m), respebti

120 4
100 -
80 -

60 -

NE [%]

40 -

20 A

¢ (GNP) [mg/ml]

[A Aeroneb Go with nebulizing body = E Aeroneb Go with glass adapter B Microair

Fig. 4: Nebulization efficiency (NE) of GNP dispersionsaanirated 0.5, 1.0 and
1.5 mg/ml in dependence of the applied nebulizet/anthe applied adapter
(n=3, £S.D.).
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4.3.3  Output rates of VM-devices

The passive VM-device required a significantly lengeriod of time to nebulize
constantly employed volume of 1 ml of GNP disparstompletely to “dryness”
compared to the active VM-device (Table 3). Vistosose linearly with GNP

concentration and accordingly output rates dropped.

Nektar's AeroNeb Go® Omron’s Microair®

c[mg/ml] time [min:isec] S.D. time[minisec] S.D. wviscosity[mPa*s] S.D.

0.5 01:43 0.001 08:21 0.013 0.9137 0.0003
1.0 01:46 0.003 08:49 0.005 0.9201 0.0008
15 01:53 0.002 10:57 0.024 0.9283 0.0024

Table 3: Required nebulization times for three GNP conceitns by the active
(ledt) and the passive (right) VM device and rafatescosity (n=3).

With rising GNP concentration, the output ratestly passive VM device were
only 0.12, 0.11 and 0.09 mg/min, respectively. timparison, the active VM
device achieved 4.9 to 5.8 times higher outpusrat®.58, 0.57 and 0.53 ml/min,
respectively.

4.3.4  Consistency of concentration after nebulization

All three employed GNP concentrations were deteechigravimetrically before

and after nebulization. Post-nebulized concentnatiowvere gained from

dispersions precipitated by the nebulizers as showfkigure 1. Results and
corresponding deviations of the post-nebulized entration values to the pre-
nebulization values are given in Table 4. Negatie®iations indicating lower

GNP concentrations are found for all three Micraams. For the AeroNeb Go,
two deviations were positive indicating a concendraincrease and only one was
negative. As a trend, deviations got smaller wifing GNP concentration for

both VM devices.
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Nektar’'s AeroNeb Go® Omron’s Microair®
concentration concentration deviation concentration deviation
prior after sSD through after sSD through
nebulization nebulization T nebulization  nebulization T nebulization
[mg/ml] [mg/mi] [%6] [mg/mil] [%]
0.5 0.534 0.057 6.8 0.458 0.003 -8.5
1 0.956 0.131 -4.4 0.974 0.102 -2.6
1.5 1.516 0.202 1.1 1.448 0.182 -3.5

Table 4 Comparison of the recovery (absolute and percentfethree GNP
concentrations before and after nebulization by &rbhir and an AeroNeb
GoVM-device.

4.3.5 Aerosol particle size characterization

Analysis of nebulized droplet sizes revealed shghigher diameters for droplets
created by the Microair device. Here, the mean ditamof the AeroNeb Go-
generated droplets accounted for 6.60 + 0.03 pnevihose by the Microair was
determined at 7.46 £ 0.10 um (n=3, + S.D.). Acaagtli, the FPF defined below
5.21 um (Ghazanfari et al. 2007) was 37.13% (x)0aBid 30.24% (£ 0.97) for
the two VM devices, respectively. When nebulizing\M alone by the AeroNeb

Go, a mean droplet sizes of 6.34 um and a FPF.@836were received.

4.3.6 Deposition study

Deposition characteristics were assessed by amgapito estimate the feasibility
of each aerosol-producing device to deliver GNPsainhigh RF to the

therapeutically relevant lower airways. GNPs debdeby an pMDI generated
aerosol showed a bad deposition related to lowesvagi targeting as 65.66%
(x0.84%) of the nebulized GNP mass were trappdtierspacer and only 0.76%
(£5.46%) could be found on the last stage represgrine RF (Fig. 5). The

passive VM-device featured a prospective lung diéipasof 47.65% (+18.04%)

with 1.95% (+0.91%) ending up in the spacer white tactive VM-device

exhibited the highest RF value of 65.68% (+11.2@%ih 3.43 (+0.40%) to be

found pre-separated in the spacer (Fig. 5).

Some particles were deposed on the glass connectima could not be
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quantitatively assigned to single distinguishedassa They constituted the amount
lacking to 100%.

90
80 -
70 4

60 -

mass deposition [%0]

spacer mouthpiece stage 1 stage 2

E MDI nebulizer Microair CInebulizer Aeroneb GO

Fig. 5. Mass deposition of fluorescent labeled GNPs intthe-stage impinger in
dependence of the applied aerosolization devic&(aS.D.).

4.3.7  Stimulation of IL-10 releasein vitro

CpG-ODN loading onto the GNPs’ surface was 98.53%20) according to the
gravimetrical differential determination. The Zgtatential was determined to be
23.0mV (0.4 mV) before and 21.7 mV (£ 1.0 mV) eaftthe loading.
Conductivity dropped accordingly from 0.943 mS/cem0(002) to 0.884 mS/cm
(x 0.003) due to the reduced amount of chargingsent in the dispersion.
Analysis for the central immunomodulating cytokithelO revealed significant
higher release for both the nebulized and the rebulizved formulation compared
to the control, untreated BALF cells’ supernatddifference in release between
the two applied GNP groups was not significant aocbunted for 225.2 pg/ml (x
56.3 pg/ml) and 230.7 pg/ml, respectively (n=3, .5 Additionally, cell
viability was very high in both cases, reaching .20 (+ 3.8%) compared to the
negative control of amount of untreated viablescal per MTT assay. Plain, non-
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loaded GNPs did not trigger IL-10 release in a g¢jiable manner and had no

negative effect on viability over 24 h (data nobwh).

4.4  Discussion

In this study, we evaluated for the first time tm®st suitable administration
technique for pulmonal GNP delivery. In the perspecof ongoingin vivo
studies involving the immunotherapeutic applicatioh CpG-GNPs in equine
RAO, the basis of a reliable dosage form is giverehy.

First, the possibility to generate an aerosol afeaqis GNP dispersions by pMDI
was tested. Nanoparticle size and size distributiaiter aerosolization,
consistency of dosing and deposition charactesistrere of central interest to
assess this dosage form’s feasibility. Althoughtaadard proof dosing chamber
was used for the pMDI, a constant aerosol dosing med given with RSD of up
to 29%. The collected vapors contained GNPs of gpate size and size
distribution after the early spraying phase was mgeted (Fig. 3) and GNP
quality was constant over the observed time of 48T&ble 1). Remarkably,
particles’ PDIs were lower for high GNP to propetlaatios in the early spraying
phase but equalized after an increased amountralisg passes (Fig. 3). But
visibly, aerosols featured heterogeneous dropleé glistributions as larger
droplets were trapped on the mouthpiece’s innerfaser of the pMDI.
Accordingly, most of the generated aerosol was belck as coarsely dispersed
fraction in the spacer and only a small amount s@#ssequently found on the
final impinger stage (Fig. 5).

Apparently, the FPF was too low to contribute tugh RF. The likely reason was
the high surface tension of the aqueous phase wiiatered the propellant to
enable sufficient aerosolization. Therefore, sudats would have been required
to reduce the hindering high surface tension. Ha&wmevheir amount, their
possibly negative impact on CpG activity and thelrysiologic harmlessness
needed to be determined in this case. Furthernpdi®Is required pressurized
propellant filling with a special apparatus. As C@BIP formulations needed to
be prepared freshly, a pMDI filling system mightt n@mways be available.
Therefore, as long as a storage stable formulasiorot at hand, pMDIs remain
inappropriate for practical use in addition to thes far poor FPF generation from

GNP dispersions.
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On the contrary, VM-nebulizers showed an overaidgperformance which was
in accordance with previous studies on their empleyt in nebulization of
delicate dispersion. Furthermore, once the CpG-@Mfulation was prepared it
could easily be transferred to the VM-device’s nsation cup without the need of
any special instrument such as a pressurized paopélling station. As a central
finding, particle sizes and size distributions bottoaded and loaded GNPs were
not significantly affected by the nebulization pees (Table 1). This was observed
for both devices and for all applied therapeuticasible concentrations.
Ghazanfari et al. (2007) revealed in detail how liqaid’s properties such as
viscosity, surface tension and ionic backgrountuariced the NE and FPF. The
latter was defined as droplet sizes below 5.21 piameter and was decisive for
a resulting preferably high RF for potential aharotleposition. As present GNP
dispersions were determined in a viscosity rangsecto water, it is referred to
the FPF and average droplet size cited in liteeatifiscosity was proven by
Ghazanfari et al. to be a critical factor for theeall generation of vapor by VM-
devices. Related values above 2.45 mPa/s resuliechbsence of aerosol
generation. In this study, a GNP concentration.bfmg/ml constituted the upper
chosen Ilimit for a reasonable and stable formutatior loaded GNPs.
Consequently, the corresponding viscosity, risinmedrly with GNP
concentration, did not extend beyond 0.9283 mPuads aerosol generation was
feasible without obstacles related to the formaldt viscosity (Table 3).
However, although NE was very high both for thevaty and the passively VM-
device (Fig. 4), a huge difference was observedédr the output rates. They
were 4.9 to 5.8 times higher with AeroNeb Go comagato the Mircoair
(Table 3). This trend was also observed for varisotutions by Ghazanfari
accounting for factors from 1.4 to 3.3. The vistpsvas coined to be the crucial
parameter in output rates for the Microair. Thigisiccordance with our findings
where output rates dropped by 6.29% and by 24.7&%he 1 mg/ml and 1.5
mg/ml formulation when nebulized by the passive dBlice compared to the 0.5
mg/ml dispersion (Table 3). On the contrary, outraies were reduced for the
equivalent GNP concentrations by only 3.83% an®%.8vhen nebulized by the
active VM-device, respectively. The latter is sugpgub to occur due to the higher
energy input by the active VM micropump which owme resistance of fluids to

shear forces more easily (Elhissi et al. 2006).
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Furthermore, with regards to the present deposgtady, the maximum RF was
proven to be produced by the active VM-device (Big.Equalizing this RF with
the droplet sizes determined by laser diffractiod with previous FPF results by
Ghazanfari (2007), this RF value is considerablyhbr. However, the present
deposition results in Fig. 5 refer to the fluoredddP signals themselves and not
to directly to the generated droplets in the micgten range. As droplets might
burst in flight and release contained nanoparticekigher lung deposition than
expected due to the droplet size-associated deposst likely. Furthermore, the
fact that the highest FPF was generated by theea¥tl device was revealed by
all analytic methods alike. Moreover, the potentialivo target of the CpG-GNP
formulation is not restricted to the alveoli buthex comprises the segmental,
terminal and respiratory bronchioles as well beealdO affects the complete
lower airways e.g. by brochospasm of smooth musates excessive mucus
production. Thus, a deposition both in alveoli amwnchioles facilitated by
droplet sizes of 5 um (x 2 um) are desirable ancevaehieved in the present
setting. As a decreasing surface tension was detedio correspond to a higher
FPF outcome (Elhissi and Taylor 2005; Ghazanfaai.€2007), this parameter has
to be considered for the GNP formulations as well.

Gelatin is known to reduce the surface tension ifstgmtly from 72 dyn/cm
(water) down to about 55 dyn/cm in concentratiobsva 0.25 mg/ml depending
on temperature and prevalent pH value (Sato aneétdater 1979). It was shown
that gelatin molecules are surface active and agtatmat interfaces due to their
hydrophobic segments rich in proline, hydroxyprelialanine, valine and leucine
(Sato and Ueberreiter 1979). Here, the surfacecradieffect might be mediated
both by residual soluble gelatin in the dispersaawell by the nanoparticles
themselves, featuring the gelatin amphipilic préipsron the surface.

This is in accordance with findings on reduced axeftensions and consequently
higher FPF produced by VM-devices when liposomatmidations were
employed (Aboudan et al. 2004; Elhissi and Tay@0%).

Furthermore, nanoparticles themselves were prelyjigueven to enrich in liquid-
gas interfaces (Vafaei et al. 2009). This includexh to a reduction of effective
surface energy because related values for nancipartvater, nanoparticles-air
and resulting air-water interfaces are lower tharttie original air-water interface

(Vafaei et al. 2009). Therefore, a combination tté gelatin properties and the
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nanoparticulate properties combined seem to car&ibo a reduction in surface
tension and consequently to the final desired anggaeFPF. As the active VM-
device showed the overall best performance in dutpie and RF generation, it
was exclusively used to generate nebulized CpG-GiPthein vitro cytokine
stimulation test.

Finally, it was shown that after nebulization Cp@GHe: are still capable of
inducing the same immune response in BALF cellé sy were not nebulized.
Comparing IL-10 releases over 24 h, no significananges were quantified
between nebulized and non-nebulized formulatiomés demonstrated the gentle
character of the employed aerosolization technanek proofed the feasibility of
intact nebulized CPG-GNPs to be later used in athad immunotherapy. The
manufacturing of CpG loaded GNPs was meanwhile e&thblished and could
be quickly performed in a clinical lab equipped lwgterile working facilities.
Yet, the formulations needed to be employed wittonrs to avoid the remaining
risk of aggregation which was associated with Cplass A earlier (Kerkmann et
al. 2005). Therefore, DPIs could constitute an aded strategy to provide a
long-term stable application form of CpG-loaded GNPreeze drying of ODN-
loaded GNPs was introduced before (Zillies et 808) and could be used to
develop an inhalative powder formulation. Consetjyesealed single doses such
as introduced in commercial disk haler could cautgia feasible and storable
alternative to so far successful nebulization afeams CpG-GNP dispersions in

future every-day use.

4.5 Conclusion

A protein-based carrier system, gelatin nanopagicivas developed to deliver
immunostimulatory CpGs in an aerosol for the fitgshe. Characterization
revealed no negative impact onto the colloidal istglof the formulation when
nebulized by vibrating mesh devices. Concentratemained unaffected by this
process, thus enabling predictive dosing. Nebutimatould be accomplished
within reasonable timing in clinical terms and ceaqgently led to a generation of
a fine respirable fraction of up to 65.7% as sholn impaction studies.
Furthermore, nebulized CpG-GNPs elicited signifidanl0 release from equine
BALF cells in vitro to the same extend as non-nebulized did and areftre

considerable in immunotherapy. The hereby availdbienulation holds great
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potential e.g. for the treatment of RAO in the piemMequinein vivo study

involving nanocarriers.
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5. Immunostimulation of bronchoalveolar lavage cells fom recurrent
airway obstruction-affected horses by different CpGclasses bound to
gelatin nanoparticles

This work was conducted in close and essential @@tipn with the Equine
Clinic, LMU Munich. All experiments -besides gamiof BALF- were conducted
together with veterinarian John Kilier.

5.1 The significance of RAO and the potential of CpG immunotherapy in
horses
In the last decades, allergic airway diseases laamatically increased in the
northern hemisphere of industrialized countrieshorses and humans (Kline
2007; Braun-Fahrander 2009). Equine recurrent giralastruction (RAO) has
become one of the most common airway diseases2B@§). Housing of horses
in stables with permanent exposure to potentidlgrgenic organic and inorganic
particles was reported to be a major trigger fa¢®rhmallenbach et al. 1998;
Robinson 2001; Millerick-May 2009). Keeping horsea pasture leads to
improved clinical signs, however, complete avoidant allergens is not always
possible (Robinson 2001). The permanent inhalatibivarious antigens from
moldy hay, mite dust as well as endotoxfliglucan and other organic and
inorganic particles causes airway neutrophilia arfthmmation with a mixed
Th1/Th2 immune response (Horohov et al. 2005; Gardet al. 2004). Although
the clinical signs of RAO were well defined (Rolmns2001), immunological
mechanisms are still controversy discussed. Howevpredominant Th2 allergic
response was recently presumed (Horohov et al.)2008everal studies, signs of
predominant Th2 response such as high IL-4, IL-Bronchoalveolar lavage fluid
(BALF) of RAO horses exposed to antigens were regpo(Lavoie et al. 2001,
Cordeau et al. 2004). Due to persistent chronianmfatory reaction in small
airways of the affected horses, Thl participatiaswalso confirmed (Ainsworth
et al. 2003). Recently, proinflammatory and chemtotalL-17 from Th17 cells
has been demonstrated to be involved in the pregmesof RAO pathology
(Debrue et al. 2005; Ainsworth 2009) Thus, IL-1Thpeay is of special interest in
the progress of chronic airway inflammation (lwakand Ishigame 2006).
As a potential therapeutic option for RAO, unmetitgti Cytosin-Phosphate-
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Guanin-Oligodeoxynucleotides (CpG-ODN) have beeplaed (Fonseca and
Kline 2009). CpG-ODNs were introduced as effectmenune stimulating agents
to cause a Th2/Thl immune shift (Kline 2007). T#isft further promoted an
immunoglobuline isotype switch from IgE to IgG2 (Be 2002). The prevalence
of IgE is a matter of ongoing debate (Halliwell adt 1993; Marti 2009). In
addition, a shift from pro-allergy mediating IL-K,-5 and IL-13 Th2 cytokines
towards pro-inflammatory IFN-and IL-12 Thl cytokines was observed. Anti-
inflammatory and antiallergic properties of Th2akihe IL-10 turned out to be of
interest. Particularly, 1L-10 producing T regulatarells (Tregs) and its balance
towards Th2 cells seemed to play an importantiroleamune homeostasis in the
lung and thus could be used for therapy of RAO (Aket al. 2004; Lloyd and
Hawrylowicz 2009). Consequently, besides a congeati symptomatic therapy
the possibility to modulate cytokine level in order avoid development of an
allergic hypersensitivity may be a better therajpeaption.

Three distinctive CpG classes (A-, B- and C-clasgh varying immunologic
effects were previously investigated (Krieg 2002iel§ 2002). The key pattern-
recognition receptor for these “danger signalshes Toll-Like receptor 9 (TLR-9)
which is located in endosomes (Krieg 2002; Krie@20 Recently, equine TLR-9
was detected in monocytes, airway epithelial celégillary endothelium in the
lungs and pulmonary intravascular macrophages @urger et al. 2009).
Furthermore, species-specific immune stimulatiopeteling on CpG motifs has
been determined (Hartmann and Krieg 2000; Rankah. €001).

The beneficial use of delivery systems like lipidinoparticles or gelatin
nanoparticles (GNPs) to protect ODNs from degradathy nucleases and to
enhance cellular uptake was recently demonstratéisdn et al. 2009; Zwiorek
et al. 2008). GNPs from gelatin type A obtainedrfrporcine skin were found to
be immunologically inert and the use of GNPs showetplified CpG-related
TLR-9 activation (Zwiorek et al. 2008). Consequgnthe aim of this study was
to identify the optimal CpG motif to stimulate eqeiBAL cellsin vitro for the
first time and to detect specific immunomodulating effecta/M1 shift) on the
cells derived from RAO and healthy horses treatétth i8NP-delivered CpG-
ODN.
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5.2  Materials and methods

All works of this study have been conducted ineclosllaboration with the,
Department of veterinary medicine, Equine clinicWWMVunich. BAL was gained
by veterinarian John Klier, all other experimentsre performed alternating or
together.

5.2.1 Horses and physical lung examination

Based on published schemes (Gerber et al. 200dn@ d$coring system was
developed to assess critical clinical parametemsgh discharge, coughing,
breathing rate and thoracic percussion), blood gaemistry, exercise

examination, endoscopic exploration, cytology @ictreobronchial secret (TBS)
and bronchoalveolar lavage fluids (BALF). In theegent study eleven horses
(eight trotter, one pura raza espanol, one warntbbyal one knabstrupper) with
an age range of 6-22 years and a weight range @583 kg were scored and
enrolled in the study. The scoring system allowedupging patients into four

categories of healthy horses and horses with mildderate and severe RAO.
Two groups were established, whereby the first groonsisted of seven horses
with moderate RAO (mean age = 14.6 years) and ¢oensl group had four

healthy horses (mean age = 12.3 years).

5.2.2 Oligodeoxynucleotides

To evaluate the optimal stimulating CpG motif inltated equine BAL cells,
three different CpG classes with previously emptbgeotifs in horses in general
were compared. Five different CpG ODNs and one @pG& ODN were used
(Biomers GmbH, Ulm, Germany). Each class was remtesl by two different
sequences except the A-class where only one seguweas available. All CpG
classes were single stranded ODN with a lengttDdb230 bases. ODN 2041 (5'-
CTG GTC TTT CTG GTT TTT TTC TGG-3') was used astooin The A class
differs in backbone structure from the other clasde consists of a backbone
chimera of phosphorothioate* (PS) and phosphodieqeD) modified
deoxyribose: CpG A ODN 2216 (5*G*G GGA CGA TCG TCG* BGG*G
*G*G- 37). Two different B-classes were compared: GpGDN 2142 (5°-TCG
CGT GCG TTT TGT CGT TTT GAC GTT- 3") and CpG B O206 (5-TCG
TCGTTT TGT CGT TTT GTC GTT- 3°). The C-class wapmesented by CpG C
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ODN 2395: (5-TCG TCG TTT TCG GCG CGC GCC G- 3'gapG C ODN
M362: (5°-TCG TCG TCG TTC GAA CGA CGT TGAT- 3)).

5.2.3 Preparation of ODN loaded GNP

Cationized GNPs were prepared according to thelatdrprotocol (Coester et al.
2000; Zwiorek et al. 2008) as described in chapidr.2.1. For cationization, the
pH of solution was adjusted to 4.7. For purificatiparticles were centrifuged at
18000 g for three times, washed and subsequettidyefil through a membrane
with a pore size of 1.@m (Pall Life Sciences, Lab Products, Ann Arbor, JSA
Then, ODNs were bound onto prepared positively gdiiGNPs by electrostatic
interaction as described earlier (Zwiorek et al0o@0 Particle size and surface
charge (Zeta potential) were quantified in 10 mMCNhy a Zetasizer ZS Nano
(Malvern Instruments, Malvern, UK). A ratio of 5%/(v) of ODN to GNPs was
chosen to ensure colloidal stability (Zwiorek et2408).

A working concentration of 2.5 mg/ml for GNPs an@® ing/ml for ODNs was
used. Therefore, 76.pl of GNP stock solution were diluted by 230 highly
purified water (HPW) and 43.8l of respective CpG ODN stock solution were
mixed by gentle stirring to obtain a final ODN centration of 0.125 mg/ml. As
references, 0.125 mg/ml CpG ODN solution of eaelss(306.5 ml HPW, 43,8
CpG ODN stock solution) and 2.5 mg/ml GNP disperg@74ul HPW, 76.5ul
GNP stock solution) were prepared. All the samplese incubated for 90
minutes at room temperature with constant stirah@00 rpm in a Thermomixer
(Eppendorf, Hamburg, Germany). The samples wereedtat 4°C and used
within 48 hours.

5.2.4 Preparation of cells and cell culture

From every horse BALF was taken by using 50 mitefike and 37°C temperated
0.9% NaCl solution per 100 kg) packed on thermatkpaand centrifuged
immediately by 1200 g for 6 minutes. Supernatanésewstored at -80 °C to
conserve actual cytokine concentration. Total e@elunt was determined by
manual counting using trypanblue with a Neubauentiog chamber (Laboroptik
GmbH, Friedrichsdorf, Germany). 2 x °télls (mixture of neutrophile

granulocytes, alveolar macrophages and lymphocytegB0 pul RPMI medium
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(Biochrom AG, Berlin, Germany) per well in a 96 Wwelate (Techno Plastic
Products, Trasadingen, Switzerland) were incubfie@4 hours at 37 °C in 5%
(VIV) CO, atmosphere. The RPMI cell culture medium was sipphted with
10% (V/V) FCS, 67.8 pg/ml penicillin and 113 pgkideptomycin.

5.2.5 Immunostimulation by ODN and cytokine quantification (ELISA)

Five different CpG sequences of three differenssda and one ODN lacking a
CpG motif, as described above, were incubated with equine BAL cells in
triplicates. In detail, 0.275 mg GNPs loaded with5Lpg (5% (w/w)) ODN or
13.5 pg of soluble ODN were added per well to camphe effects of unbound
ODNs and ODNs bound to GNPs. To estimate the immstimalating response of
ODNs in cell culture, supernatant was taken af#erhaurs of incubation and
analyzed by equine ELISAs (Duoset, R&D Systems, ndapolis, USA). Three
key-cytokines namely IL-4, IL-10 and IFNwere evaluated. The ELISAs were
performed according to the manufactures protocbé Mmits of detection of the
applied ELISA assays were 15.6 — 2000, 156.25 0Q@@Mhd 31.2 - 4000 pg/ml,
respectively. Results were throughout correctedsbltraction of relspective
concentrations in supernatants of untreated BAlsceihich served as negative

control.

5.2.6 Cell viability by MTT-assay

MTT assays were performed to evaluate cell viagbfiilowing incubation with
CpG and CpG-GNP. Cell pellets after removal of sog@ant were immediately
resuspended in 300 ul  MTT (3-(4,5-Dimethylthiazeplp -2,5-
diphenyltetrazolium bromide) working solution casisig of 82% PBS, 9% FCS
and 9% of a 5 mg/ml MTT stock solution. Thus, 0.18§ MTT reagent was
added per 2 x focells. After two hours of incubation at 37°C and5% (V/V)
COsthe culture plates were centrifuged at 1200 g fori®. Then, the supernatant
was discarded and the remaining pellets resuspemde2D0 pul DMSO to
solubilize violet formazan crystals. The absorbaofceach well was measured at
530 nm using multiwellplate reader (Wallac). Unteea BAL cells served as a
reference for 100% viability. All the measured exments were conducted in

triplicate.
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5.2.7 Statistical analysis

Data from cytokine quantification by ELISAs and MTaBsays were analyzed
using the Prism 5 software (Graphpad software Lrec.Jolla, USA). An unpaired
student t-test was employed to estimate significdifferences between two
independent groups such as stimulation of cellseghfrom RAO-affected versus
healthy horsesP < 0.05 was considered as statistical significaatadfrom

experiments and the data reported as mean = S.D.

5.3 Results

5.3.1 Quality control and formulation study of CpG-GNP

Particle sizes and size distribution determinedteeénd after loading exhibited a
mean particle diameter of 250 nm and homogenous digtributions with
polydispersity index values throughout below 0.CpG loading onto the GNP
surface was at least 98% (w/w).

After 48 hours GNP-bound CpG-ODN formed visible raggtions and cytokine
stimulation was reduced significantly. Thereford, GNP formulations were

freshly prepared and used immediately for the erpants.

5.3.2 Cytokine release in cell culture upon stimulation iy CpG/CpG-GNP
5.3.2.1 IL-10 release

In order to compare the effect of CpG-GNP verspiside CpG on cytokine
release from BAL cells, six sequences of ODNs (tdude five CpGs) were
tested. IL-10 showed the highest release in absaahcentration values of the
three quantified cytokines on average. As a genebslervation, cells from
healthy horses secreted significant®£ 0.0047) higher amounts of IL-10 than
those of RAO affected horses regardless of the @ed ODN.
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Fig. 1. 1L-10 expression from BALF cells from healthy and RAO-affected
horses with different CpG classes. BAL cells derived from RAO (black bars) or
health horses (white bars) were incubated with 3Bgbof soluble ODNA) or
GNP-bound ODN B). Cells from healthy horses secreted significarmigher
amounts of IL-10 than those of RAO affected ho(fes= 0.0047). CpG A
triggered the highest IL-10 release for both cejl®ups. Depicted values are
group means = S.D and corrected by subtractionhef megative control. (Klier

2010)
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Fig. 1la shows IL-10 stimulation efficiency of sol@bCpG. Out of the six
different ODNs, CpG 2216 (A-class) showed the hsgHe-10 release for both
examined groups. IL-10 release was 400 pg/ml its dedm healthy horses and
220 pg/ml in those from RAO horses. However, CpGthe B and C class did
not trigger release in RAO derived cells, with tiekly low concentrations of
about 125 pg/ml. C-classes appeared to resultghehistimulation (350 pg/ml)
than B-class (200 pg/ml) in cell culture for heglthorses. Consequently the
employed B-classes (ODN 2142 and ODN 2006) anda€sels (ODN M362 and
ODN 2395) showed almost identically release behd@aoRAO horses. In Fig. 1
b IL-10 stimulation by CpG-GNPs is shown. Most ne#ble is the significant
higher release of IL-10 of the cells from healtloydes P = 0.0051). Furthermore
the GNP-bound CpG 2216 induced the highest IL-Iicentration (540 pg/ml)
which surpassed the release value by soluble CgGéh@wn in Fig 1 a. On the
contrary the stimulation by all particle-bound Cp&® lower than those by

soluble.

5.3.2.2 IL-4 release
In contrast to IL-10, IL-4 release upon stimulatioy six soluble CpG did not
differ (P = 0.614) between RAO and healthy horses derivisl @¢eg. 2 a).
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Fig. 2: IL-4 expression from BALF cells from healthy and RAO-affected horses
with different CpG classes. BAL cells derived from RAO (black bars) or health
horses (white bars) were incubated with 13.5 pgaltible ODN A) or GNP-
bound ODN B). Cells from healthy horses secreted significafdlyer amounts
of IL-4 than those of RAO affected horses (P = D)GBhen treated with GNP-
bound ODNs (B). Incubation with soluble ODNs didt rresult in such
significantly distinguishable release (A). Depictelues are group means (n=3,
+S.D.) and corrected by subtraction of the negatentrol. (Klier 2010)

Both absolute values were low and inter and in&naations were high. However,
as shown in Fig. 2 b difference of high significar@ = 0.001) was found when

comparing GNP-bound CpG stimulated cell culturedmrRAO and healthy
horses for IL-4 release. The latter resulted negatalues (Fig. 2 b) while those
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of RAO were positive and comparable to those predolky soluble CpG
(P =0.9469). Furthermore GNP-bound CpG lowered lkefease of cells of
healthy horses considerably more than soluble Gp& 2 a) P = 0.0018).

5.3.2.3 IFN-yrelease

In Fig. 3 an IFNy release from RAO and healthy horses-derived adtures is
displayed after stimulation by soluble CpGs. Onrage, no significant difference
could be observed between the mean values of baibhpg P = 0.3514).
However, the six employed ODNSs revealed distincéffects. As seen for IL-10,
the highest release was induced by CpG 2216 A-@adsaccounted for 94 +10
pg/ml in RAO and 135 £19 pg/ml in healthy derivesd cultures. All other ODNs
induced lower amounts between 15 and 50 pg/ml @ig). A tendency towards
higher release by healthy horses-derived cellsdconaél presumed but was not
statistically significant (Fig. 3 a). In contra&&NP-bound ODNSs led to a clear
discrimination between RAO and healthy derivedscellterms of IFNy in Fig. 3

b (P = 0.008). Here, CpG 2216 A-class stimulated thyhést IFNy secretion as
well, accounting for 76 + 14 pg/ml (healthy) and22%0 pg/ml (RAO).
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Fig. 3: IFN-y expression from BALF cells from healthy and RAO-affected
horses with different CpG classes. BAL cells derived from RAO (black bars) or
health horses (white bars) were incubated with 3B8gbof soluble ODNA) or
GNP-bound ODN E). Depicted values are group means (n=3, = S.D.Jl an
corrected by subtraction of the negative contriligr 2010)

In this individual example (CpG 2216) marginallyatsitically significant
difference was foundR = 0.05). Besides, no or slight release from RA® ce
cultures was found (Fig. 3 b), while no statistisagnificance occurred between
the healthy derived cell cultures treated by CpCGcamparison by CpG-GNP
(P =0.45).

5.3.3 MTT assay

BAL cells from RAO affected and healthy horses wemgloyed to investigaie
vitro cell viability after 24 h of incubation with reghto detectable differences
after administration of soluble ODN compared to Gifand ODNs. Four mean

values (cells from (a) RAO-affected horses on the band treated either with
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CpG or with CpG-GNP and cells from (b) healthy lesren the other hand treated
with CpG or CpG-GNP), were averaged out of theviddial viability results of
the sixth employed ODNs (Fig. 4). In the healthgugr no significant differences
were detectable in viability between soluble Cp&pG-GNP administration. No
significant differences were seen between thergiiwidual examined ODNs. Of
all evaluated means of the four groups, lowestikiglivas observed in cells from
RAO affected horses treated with soluble CpG (69+7606%). In contrast, cells
from RAO horses treated with CpG-GNP showed thédsgviability on average
104.3% + 6.4% which was a statistically significaigher value P < 0.0001). As
an example, the difference between cells treated @pG-ODN 2216 A-class
and cells treated with GNP-bound CpG-ODN 2216 Alawas found significant
(P = 0.0405).
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Fig. 4. Percentile cell viability of BALF cells from heajtrand RAO-affected
horses challenged with six different CpG classegseadMTT assay. (Klier 2010)

However, mean viability of cells from healthy haasxposed to soluble CpG was
94.2% + 4.0% and with CpG-GNP administration 91.%%.0%. No significant
differences were observed between these two medmesvafP = 0.512).
Accordingly, no significant difference was iderdidi in the example of CpG-ODN
2216 A-class R = 0.5319). Moreover, cells derived from RAO andaltiey
individuals did not differ in viability when chalged with GNP bound CpG-
ODN 2216 A-classK = 0.808). Summarizing, BAL cells gained from RAO
horses showed significant higher cell viabilityNiTT assay when incubated with

CpG-GNP in comparison to soluble CpG. This diffeemvas not seen in assays
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with cells gained from healthy horses.

5.4  Discussion

The major aim of this study was to identify optinsimulating CpG motifs in
horses, concerning Th2/Thl shift via TLR-9 actieati Optimal TLR-9 agonist
sequences were reported to be 5-GACGTT-3" (Batieal.e 2001) and 5'-
GTCGTT-3" (Hartmann and Krieg, 2000) for murine afaiman use,
respectively. The same motif was found to be berafifor different animal
species including the horse (Rankin et al., 20@1)contrast, ODN sequences
containing this motif (2142 and 2006 B-class) weret most effective in
stimulating BAL cells in the present study. Thisitrary could probably be due to
different prevalent cell populations between PBM&sd BAL cultures. For
horses, Olafsdottir et al. (2004) described anlidequence 5-CTCGTT-3" which
indeed hasn’t been confirmed by other groups yete Do deficiency of
knowledge in the action of various CpG motifs omiag BAL cells, motifs with
a record of any equine employment were chosenlaiddistinctive effects were
compared. Previously, CpG B 2142 and CpG C 239%elisas ODN 2041 were
usedin vitro only in equine PBMCs cultures which is a known andll
established model (Liu et al., 2008 and 2009). Hareas RAO is located in
small airways in this study cells were harvesteaimfrthis specific region to

investigate effects on this specialized group afjlaells.

This is the first study which compared the effagftall three CpG class@s vitro

on equine BAL cells. Furthermore, two different foper class except the A
class were investigated to gain more insight intotimdepending CpG
immunostimulation on equine BAL cells. First stugl@n equine BAL cells were
often based on cytokine quantification by mRNA deta instead of translational
products themselves by ELISAs. The advantage ofsurgay proteins directly
instead of mMRNA is the possibility to exclude pmstscriptional modifications

which could influence results quantitatively.

With regard to the results, the optimal stimulatsegjuence among five explored
CpG-ODN in equine BAL cells was the A-class 2216eTdetectable IL-10 up
regulation was higher than expected as CpGs wendaqusly known for potent

IFN-y release in general and CpG A-class for li-Kelease in particular (Krieg
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2002). Characteristics of the A-class which coulfluence the efficacy are its
exceptional backbone structure (backbone chim@a)pdrome motif and poly
guanine tail which all contributes to a speciausture-effect interaction (Krieg
2006). The actual IL-10 cytokine release profileswelated to heterogeneous cell
composition in BAL (macrophages, neutrophile graoytes and lymphocytes).
TLR-9 receptors were identified as the primary ¢argf CpG-ODNs (Krieg,
2002). Among other cells human plasmacytoid deiedegtlls (pDCs) are known
to express constitutionally TLR-9 in the endosoferthermore pDCs build the
first line of antigen presenting cells at the ifdee between the body surface and
the environment and are expected to take up Cp@uiations. Human pDCs
were shown to form a tight network in the epitheliof conducting upper and
lower airways (Garnier and Nicod, 2009). Similaitygan be assumed that pDCs
are located in equine lungs and serve the samdiduscas in humans. Via the
TLR-9 pathway CpG 2216 induced human pDCs whicivaietd CD4 CD 25
towards IL-10 producing CO4CD 25 T-regs by direct cell contact (Moseman et
al. 2004).

The potency of employed ODN 2041 (which was lackengCpG motif) in
stimulation of IL-10 probably showed a CpG indepamtd TLR-9 activation
mechanism and the importance of sugar backbonelL&i9Tactivation (Haas et
al., 2008). Synthetic CpG-ODN possesses a modifledsphorothioate sugar
backbone which acts as strong TLR-9 antagonistdoypetitive inhibition (Haas
et al., 2008). CpG motifs inverse the antagonistiect towards a desired TLR-9
stimulation. The high efficiency of phosphorothmatodified CpG-ODN is
explicable by 100-fold higher affinity towards TLRin contrast to the original
phosphodiester structure in natural prokaryotic DE#& basal TLR-9 agonist
(Haas et al., 2008). With regard to participatidnlN-y in chronically airway
inflammation in vivo this observation is interesting as a possible ajeutic
alternative.

All six ODNs treated cells in BAL from healthy hessshowed higher releases of
IL-10 and IFNy as compared to RAO horses. This was observeddiegarof the
formulations (CpG, CpG-GNP). The most likely exg@aan is a difference in cell
types. As RAO is expected to be associated with TipPegulation less
stimulation of Thl and Treg effects is likely topp&n. On the contrary, healthy

individuals should have normal regulatory T cepalility which is demonstrated
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here by high level of the cytokine IL-10.

All three cytokines detected in cells obtained frbgalthy horses could serve as
important parameter for non allergic lungs undeméostatic immunologic
conditions without excessive Th2 response. Theeefadetected cytokine
concentrations in healthy individuals could be rdgd as benchmarks for a CpG-
based immunotherapy of RAO-affected individuals.

With regard to the observation that no significdifiterence of IL-10 release by
cells from RAO-affected horses within CpG classearl C was detectable, it
could be hypothesized that the class is more daterghthan the individual CpG
sequence.

IL-10 decreases IL-4, IL-5 and IFNrelease (van Scott et al., 2000; Taylor et al.,
2006) and could therefore be beneficial to interfeith pathophysiology of RAO.
With regard to an expected up regulation of praimiinatory Thl cytokines by
CpG-ODN, IFNy release was interestingly relatively low. A pogsiéxplanation
could be the high amounts of IL-10 which could hanrebited IFNy release.

The absolute values of IL-4 concentration were i@rably low and below the
detection limit of 15.6 pg/ml as given by the ELIS#andard curve. However,
raw data values were higher before being correbtedubtracting the untreated
BAL cell result considered as a negative contrdlerEfore the observed trends
that those cells obtained from healthy horses dédublower IL-4 release was
considered convincing with regard to earlier firgfinCordeau et al., 2004;
Horohov et al., 2006 This is in accordance with the presumption of Th2
downregulation, according to expected Th2/Thl shftl probably also due to
high IL-10 amounts with negative feedback on ILefease. These results support
the idea of CpG-ODN prominent role in the down tagan of allergic Th2
cytokines (Bohle 2002; Vollmer and Krieg, 2009) rthermore, GNPs obviously
discriminated CpG action towards IL-4 release ifiscderived from healthy
horses.

CpG-ODN also induces B cells to produce IL-10, whiacts in a counter
regulatory fashion to limit the inflammatory resgento CpG (Kline and Krieg,
2001). This would be beneficial in chronic inflamtory responses like RAO. It is
known that a pure Thl response with IFNould contribute to exacerbation of
allergic disease (Umetsu and DeKruyff, 2006). K-Is-also produced in lungs of
patients with asthma and seems to contribute terdggwof the allergic reaction
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(Umetsu and DeKruyff, 2006). Thl cells on their odanot counterbalance Th2
cells but even could augment inflammatory reactionsings in arnin vivo model
(Umetsu and DeKruyff, 2006). On the contrary, IfFMsas found to contribute to
inhibitory effects in asthma and allergy in combioa with suppressive IL-10
from T-regs (Stock et al., 2004).

Moreover, the IL-4 receptar (IL-4Ra) gene on chromosome 13 was identified as
a candidate gene responsible for RAO (Gerber et28l08). IL-4Ru is also
associated with asthma and atopy as well as withsga defense in humans and
animals (Gerber et al., 2009). Gerber et al. foarmbherency between intestinal
helminthes burden and RAO wherein RAO affected ésshowed a significant
lower helminthes burden than healthy horses. Theesgroup described the
phenomenon as inverse relationship between asthmia tlee resistance to
parasites which seems to correlate with IgE le{etsliminary data). Thus, the
abolishment of intestinal helminthes in horses mshumans is supposed to
contribute to a rising rate of allergic diseasedtodether, environmental
influences, genetic and epigenetic impacts, feedind microbial infections
which impair body’s defense increase the risk teett#p allergic airway diseases.

This applies to horses as well as humans.

The MTT assay revealed that the various formulatioad distinctive impacts on
viability of tested BAL cells. The most importartiservation was the significant
difference between CpG and CpG-GNP treated calism IRAO affected horses.
The GNP formulated CpGs were less cytotoxic onayerfor the cell population
present in the RAO BAL which is in accordance wetrlier findings (Bourquin
et al., 2008). In summary, GNPs were shown asffectwe and biocompatible
nucleotide delivery system in equimevitro. Furthermore, GNPs are expected yet
to protect short active A-class from otherwise yedegradation. The assignment
of A-class CpGsdn vivo has been limited because of its susceptible baxkbo

structure but its use was recently reported inracell study (Senti et al., 2009).

Soluble CpGs result in a significantly higher vidpiin healthy cells as compared
to RAO cells, but still lower than the CpG formutei This is evident from the
IL-10 release profiles where release by healthysé®rderived cells are
significantly higher than by RAO cells. On the aany, higher viability of CpG-

GNP treated cells does not correspond to highetOler IFNy release. One
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explanation could be an overstraining phenomenothefregulatory cytokine
producing cells which were supposed to be preselower number in BAL from
RAO-affected horses than in BAL of healthy horsBse difference in treatment
response could be a proof of distinction of RAO dmalthy cells on cytokine
level in vitro. Due to the fact that cell isolation kits for eggiiBAL cells are not
commercially available, it was not possible to stiate separately isolated cell
types for quantification of cytokines. Although etlsolation of individual cells
and their quantitative contribution to cytokinee@de as well as their viability
following stimulation are desirable. This may benecessary precondition for
successful futurén vivo applications. Here, comparable experimental caordit
asin vivo are givenwhere a heterogenic composition of relevant csllgresent.
Therefore, intercellular interaction could probalbly better reflected to finally
predictin vivo therapeutic effects. Interestingly, previous hurpadiatric studies
found that numbers of CD&D25" T-reg cells appeared in decreased amounts in
children suffering from asthma (Hartl 2007). Exwhgting this finding to the
present equine scenario, a lowered number of‘'CD25 Treg cells in BALF of
RAO-affected horses could have caused the obsedegletion in IL-10

expression.

In conclusion, CpG-ODN 2216 A-class was identified most efficient
stimulating motif out of the six examined here tmder IL-10 and IFNy in
horses. As a potent delivery system GNPs weregtigriable to enhance CpG
impact (IL-4 and IL-10 in cells from healthy horsesnd was found to be
biocompatible. With regard to RAO, local administva of CpG-ODN/GNP by
inhalation has been found to be promising. Besidesonventional symptomatic
treatment either by systemic or aerosol adminisimabf B,-sympathomimetic
agents, mucolytic agents and corticosteroids thes/ rapproach need to be
explored further as interfering with the immunologiathogenesis could offer an

effective anti-hypersensitivity therapy.
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6. A nebulized gelatin nanoparticle-based CpG formulabn is effective in
immunotherapy of allergic horses.
6.1 Introduction
The previous sub-chapters V.4 and IV.5 renderedonis that GNPs are suitable
for nebulization by active vibrating mesh devicesbe administered to the lung.
Moreover, this application process did not negégiadfect a delicate payload
such as CpG-ODNs which remained effective afteruhedtion. This was
confirmed byin vitro assays beforehand. Furthermore, an A-class CpG-ODN
sequence was identified which exhibited good atitweof peripheral tolerance in
horses as concluded from the induction of key aw®kIL-10 in vitro.
Consequently, the next step was to establish acalimpplication to proof the
tolerability and the effectiveness of the new folation and application routi&
vivo. Therefore, an aerosol formulation of biodegradablocompatible and non-
toxic (Bourquin et al. 2008, Zwiorek et al. 2008NB-bound CpG-ODN 2216
was used to treat equine RAO in a clinical studgcakdingly, a novel technical
combination of an equine spacer for eased appicaif aerosols and a suitable
VM device needed to be introduced. Like human aathRAO in horses was
considered common multifactor allergic airway hygegsitivity reaction elicited
by environmental exposure to potential allergé®sbinson 2001) and heritable
component§Gerber et al. 2009). A promising immunotherapestiategy against
allergic conditions already entering human clinipélase lla studies involved
CpG-ODN(Senti et al. 2009) as synthetic analog of natomarobial CpG-DNA
(Krieg 2002). This TLR9 agonist demonstrated edindy in allergic diseases due
to its immunomodulating potential to cause a Th2/Bhift (Vollmer and Krieg
2009, Kline 2007, Krieg 2002) which was associatétth a downregulation of
proallergic Th2 cytokines (IL-4, IL-5, IL-13) anchaipregulation of antiallergic
Th1l cytokines (IFNy, IL-12) and an immunoglobulin isotype switch frathergy
mediating IgE to IgG (Bohle 2002; Bohle 2002). Befoelectrostatically GNP-
bound CpG-ODNs were proven to be protected agaadl degradation by
nucleases via steric shielding. Furthermore, calluiptake of CpG-ODN into
target cells was enhanced by nanoparticulate dgl(eviorek et al. 2008). In the
present study, bronchoalveolar lavage fluid wasaiokd from healthy and
allergic horses to quantify Th1/Th2 cytokine levdiefore and after novel

inhalation regimen to estimate regimen effectivenas cytokine level. Of equal
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importance, clinical symptoms were assessed tdrobttormation on a possible
curative effect. Thus, this study was the first em@rovide a proof effectiveness
of colloidal nanocarrier-mediated immunotherapyaad-producing animals and

constitutes the most advanced project within thésis.

6.2 Materials and methods

This work was conducted in close and essential e@@ion with the Equine
Clinic, LMU Munich. Gaining of BAL and diagnosis dfnical symptoms was
conducted by veterinarian John Klier. All other exments were performed
alone or in cooperation with him, depending onitigividual case.

6.2.1 Nanoparticle production and loading.

GNPs were manufactured according to the standatdqwl(Coester et al. 2000)
as described in chapter 1l, 1.2.1 using porcingvddrgelatin type A Bloom 175,
glutaraldehyde 25% solution, cholamine and 1-E8(B-
dimethylaminopropyl)carbodiimide (EDC). All starjrmaterials were purchased
from Sigma (Taufkirchen, Germany). The cationizatod GNPs and electrostatic
binding of CpG-ODN onto the particle surface wasatided beforéZwiorek et
al. 2008). Particle size and surface charge weaatified in 10 mM NaCl before
and after loading by a Zetasizer ZS Nano (Malveistruments, Malvern, UK).
The target surface loading of 5% (w/w) was checgbdtometrically to ensure

colloidal stability of applied dispersions.

6.2.2 Oligodeoxynucleotides.

Five different CpG-ODNs and one ODN without CpG ifsotvere synthesized by
Biomers GmbH (Ulm, Germany). All ODNs were singleaaded with a length of
20 to 30 bases. The following sequences coverednajbr three CpG-ODN
classes (A-, B- and C-class): ODN 2041 without Qp&if (5-CTG GTC TTT
CTG GTT TTT TTC TGG-3"), CpG-ODN A 2216 (5*G*G GGA CGA TCG
TCG* G*G*G *G*G-3") with its specific chimera backbone structoomsisting
of phosphorothioate* (PS) and phosphodiester (PDilified deoxyribose. The

latter sequence was the only one to be chosenristdh vivo application (IV, 5)
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All other employed sequences were throughout phmgphioate backbone
structured. Moreover, two different B-classes &nd different C-classes were
matched: CpG B ODN 2142 (5-TCG CGT GCG TTT TGT CGTIT GAC
GTT-3%), CpG B ODN 2006 (5°-TCG TCG TTT TGT CGT TATC GTT-3"),
CpG C ODN 2395 (5°-TCG TCG TTT TCG GCG CGC GCC G&id CpG C
ODN M362 (5°-TCG TCG TCG TTC GAA CGA CGT TGA T-3)).

6.2.3 CpG-GNP formulation.

A working concentration of 3 mg/ml for GNPs and1lo® mg/ml for ODNs was
adjusted. Foin vitro cell cultures, 278ig of GNPs loaded with 14dg of ODN
were applied per well which corresponded to 0.87nmh@NP and 0.044 mg/mi
of ODN. As references, CpG-ODN solutions of eveiass with a concentration
of 0.044 mg/ml and GNP dispersion concentrated Ong7/ml| were added per
applicable well. For inhalation studies, 3.75 mgRaNvere loaded with 187 fy
ODN in a total volume of 2.5 ml highly purified veamt(HPW) were used per

individual inhalation.

6.2.4 Nebulization.

For inhalation studies, an Equine Haler™ spaceajuifte HealthCare Aps,
Hoersholm, Denmark) and an AeroNeb Go™ vibratinghmaebulizer (Aerogen,
Galway, Ireland) were combined by a 90° glass cotmevith ground joints that

suitably matched the aerosol generator part’s bditeneter and the spacer’s inlet
(Fig. 1)
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Fig. 1: Technical setup of the combined VM-device witheteine inhalation
spacer.

The identical protocol was run for negative contptdcebo trial and for the

medication trial. The negative control exclusivelyntained an aqueous (HPW)
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GNP dispersion (1.5 mg/ml) while the medication veasombination of GNP
(2.5 mg/ml) and CpG-ODN 2216 (0.075 mg/ml). Healtazd RAO-affected
horses were inhaled three times alike with two-ogrvals between individual
administrations followed by a control BAL. Two atidhal subsequent
inhalations and one final BALF examination for dise development monitoring
were added if significant changes occurred after tthird inhalation. Clinical
examinations, blood gas analysis, endoscopic exjpdor and cytology of TBS
were performed at the beginning, after three amallfi after five inhalations.

6.2.5 Clinical examination and lung scoring.

A lung scoring system (Gerber et al. 2004) washgrtdeveloped comprising
clinical parameters (nasal discharge, breathing)rablood gas chemistry,
endoscopic exploration, cytology of tracheobronkclsacret (TBS) and of
bronchoalveolar lavage fluid (BALF). Accordingli4 horses of a mean weight of
477.7 kg and aged 12.0 years on average were sddredipplied scoring system
allowed grouping the patients into four categofiesalthy, mild, moderate and
severe RAO). For the clinical trial, three groupshorses were established, with
the first group (n = 4) consisting of healthy har¢mean age of 8.8 years) for the
placebo negative control, the second group (neodakisting of healthy horses for
compatibility study (mean age of 10.4 years) and third group (n =4) of
moderate RAO-affected horses for therapeutic efficy verification (mean age
of 16.8 years). TBS scoring (grades 0-5) was peréor according to Gerber et al.
(2004): 0 = none, clean, singular TBS; 1 = litttaultiple small blobs; 2 =
moderate large blobs; 3 = marked, confluent/stré&@ming; 4 = large, pool-
forming; 5 = extreme, profuse amounts. The keyriattblood gas parameter of
partial pressure of oxygen (PgQvas measured by a Radiometer Copenhagen
NPT 7 series (Radiometer GmbH, Willich-Schiefba@®rmany). Physiological
values for Pa@were set to 100 mmHg (z5 mmHg). Moreover, percgedaof
neutrophile granulocytes out of total cell counonfr TBS cytology were
calculated after staining by Diff-Qui€k staining set (Medion diagnostics,
Dudingen, Switzerland). Physiological range of bngey rate was defined as 8 to
16 breaths per minute while higher values wereidensd as pathological.
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6.2.6 Cell culture and in vitro cytokine quantification.

BALF was taken from every horse before and aftehalation regime
(50 ml/100 kg body weight sterile, warm, isotoni@@® solution). Gained cell
suspension was centrifuged by 1200 g for 6 minusegernatants were stored
immediately at -80 °C on dry ice in the stable égtokine conservation. Then,
supernatants were analyzed for IL-4, IL-10 and KBy equine duo set ELISA
kits according to the manufacturer’s protocol (R&ystems, Minneapolis, USA)
(Fig. 2).

Total cell count was determined and subsequentlg eeere seeded, stimulated
by six ODNs and checked for cytokines as descréiexe in 5.2.4 and 5.2.5. The
in vitro stimulation before and aften vivo inhalation was assessed due to the
pictured design of experiment (Fig. 2). The studgswapproved and was
designated the No 55.2-1-54-2531-31-10 by the leggéncy for animal

experiments (Regierung von Oberbayern, Munich, Gegn
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Fig. 2 Overview on the combined in vitro and in vivo stdédgign to investigate
the inhalative regimen’s influence both on changeBALF cytokine composition
and on changes in cell composition and activityerafan additional CpG
stimulation in vitro As an exampldhe full set of experiments for a single horse is
pictured.
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6.2.7 Statistical analysis.

Comparisons between groups (normally distributedyewcarried out using the
unpaired Studentistest. N is shown in parenthesis for each calcutain Figure
legends. All statistical analysis was performechgdPrism Graph (Version 5.0,
GraphPad software Inc., La Jolla, USA).

6.3 Results and Discussion
6.3.1 Tracking the regimen’s therapeutic effectin vitro

To evaluate the efficiency of envisaged inhalatiberapy, BALF was obtained
both from RAO-affected and healthy horses beford after the inhalation
regimen GNP-bound CpG-ODN 2216. Data from healtidividuals served as
physiological reference. First, BALF cells of RA@exted horses were
stimulatedin vitro by six different ODNs as described in chapter I\{66heme
Fig. 2). Averaged results depicted in Fig 3a andn3bly a major impact of the
inhalation therapy in RAO-affected individuals. F8a showsin vitro 1L-10
expression of cells derived from RAO-affected hsrseated by ODNs and GNP-
bound ODNSs both before and after inhalation.
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Fig. 3: Release of key cytokines from BALF cells gained from RAO-affected
horses stimulated in vitro by ODN and ODN-GNP before (pre) and after (post)
in vivo inhalation therapy, respectively. a, IL-10 release from cell cultures
stimulated by soluble ODN and ODN-GNP is increalsgdnhalation therapy of
GNP-bound ODN and subsequent in vitro stimulatior1@, + S.D ) by 6
different GNP-bound ODNs or by 6 different soluBIBNs on averageh, IL-4
release is accordingly decreased.

After inhalation treatment, a significantly? (< 0.0001) higher IL-10 release
(390 pg/ml) in BAL cell cultures stimulated by GN®und ODNs was observed
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as compared to the state before inhalation tredt@®3npg/ml) (Fig. 3a). Similar
trend of IL-10 release was observed after stimotati389 pg/ml) by soluble
ODNs (Fig. 3a) compared to the value of 139 pg/efiote inhalation regime
(P =0.0002). This could be due to the fact thatitti@lation therapy triggered
antiallergic 1L-10 producing cells in BAL. Accordify, IL-4 in vitro expression
was decreased significantly after inhalations othbsoluble P =0.0298) and
GNP-bound P = 0.0282) ODNs although the absolute values weraparably
low (Fig. 3b). These findings indicated that Th2dw¢ed proallergic immune
response was reduced. In contrast to high IL-10egan vitro, especially after
inhalation treatment, low amounts of both If¢Nnd IL-4 could be regarded as a
negative feedback mechanism by IL-10 (Taylor e2@06; Van Scott et al. 2000).
In contrast, Th upregulation (IFNy) was expected after treatment with CpG-
ODN. Yet, measured IFN-values (data not shown) could not confirm the Thl
upregulation and might have been influenced by lHighO values. However, low
IFN-y levels could be considered as beneficial in cleamfiammatory processes
(Umetsu and DeKruyff 2006).

Overall, IFN«¥ releasen vitro was low and did not reveal a general trend after
treatment by GNP-bound ODNPB & 0.1414) or by soluble ODN# (= 0.4870)
before (pre) versus after (post) inhalation treatimef RAO affected horses.
However, CpG A-class exhibited higher stimulaticefdoe and after inhalation

treatment as compared to all the other CpG-classta not shown).

6.3.2 Therapeutic effect on cytokine levein vivo

As a key cytokine to mediate tolerance, IL-10 was primary interest in the
evaluation of cytokine expression after adminigtraof GNP-bound CpG-ODN
in vivo. Fig. 4a clearly depicts the vivoincrease of IL-10 expression detected in
BALF supernatant in RAO-affected horses. While ¢hiahalations led to a
significant 3.8-fold increasd®(= 0.0473) in IL-10 expression, a 6.9-fold increase
was found after five inhalations (Fig. 4a). Therefothe average IL-10 levels
differ significantly @ = 0.034) before starting and after finishing thdl five
inhalation regimen applied to RAO-affected horddsalthy horses exhibited a
2.14 fold augmentation in IL-10 expression aftefnmpanal administration of
GNP-bound CpG-ODN confirming the principle of aatig-ig. 4a).
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However, differences in expression levels beforel after inhalation were
marginally statistically significant { = 0.089) In contrast, no significant
difference P = 0.289) was found when comparing healthy horgéare and after

three inhalative administrations of blank GNPs Whigas given as placebos
(Fig. 4a).
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Fig. 4: Effect of GNP-bound CpG-ODN and plain GNPs on cytokine release in
vivo before and after inhalation therapy. a, IL-10 release is expressed as n-fold
increase based on 1 as initial value before inHafatIL-10 release from RAO-
affected horses (n=4, £ S.D.) before and after ¢haad five inhalation of GNP-
bound CpG-ODN (black bars), from healthy horses=(4, £ S.D.) before and
after three inhalations of GNP-bound CpG-ODN (gieyrs) and from healthy
horses (n=4, £S.D.) before and after three inhalas of plain GNP (white bars).
b, IFN-g(amma) release from RAO-affected horses bedad after three and five
inhalation of GNP-bound CpG-ODN (black bars) andnfr healthy horses before
and after three inhalations of plain GNP (white ®ar

Therefore, it was concluded that IL-10 could beuret following administration
of CpG-GNP through inhalation in RAO affected hatsEhe studies of previous
chapter V.5 led to the decision to employ CpG-ON & (A-class)n vivo due to
superior 1L-10 inducing properties from equine BAtells compared to
representatives of the B- and C-class. Likely, 0_-¢ould be beneficial in
avoiding allergic inflammatory immune response tmigaallergen contact and
could therefore prevent tissue injury by neutrophdiegranulation. In humans,
increase in IL-10 by established antiallergic matian such as glucocorticoids or
allergen immunotherapy was frequently attributedhis activation of T-reg cells
(Ryanna et al. 2009). Asthmatic human patients sldower amounts of T-regs
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in BAL compared to healthy ones which corresporashe lack of peripheral
tolerance(Hartl et al. 2007). Therefore, it was hypothesizédt the found
increased IL-10 expression could be related to drighr nearly physiologic
(equivalent to healthy) Treg cell numbers in thwdo airways. Furthermore, it is
known that CpG-ODN activates plasmoidal dendrisgisfMoseman et al. 2004)
which reside the lower airwaygon Garnier and Nicod 2009). In addition, it was
shown earlier that CpG-ODN promoted both IL-12 #nd 0 release by dendritic
cells which led to increased IL-12 mediated Thl dhdl0 mediated Treg
induction(Jarnicki et al. 2008). Thus, it can be concludeanfthe present study
that GNP-bound CpG-ODN induced release of IL-10tiwbouted to Treg cell-
mediated peripheral tolerance which would be berafias an innovative and
alternative treatment of allergic airway disead#métsu et al. 2006, Ryanna et al.
2009, Moseman et al. 2004).

In vivo secretion of IL-4 and IFN-was analyzed in BALF supernatants before
and after inhalation regimens. IL-4 levels wereolhetetection thresholoh vivo.
For IFN+, a significant impact of GNP-bound CpG-ODN wasestsed. Fig. 4b
reveals a constant increase after three and fimeemutive inhalations compared
to IFN-y levels in BAL supernatants before the regimBr=(0.0034). Placebo
administration did not result in altered cytokingeession P = 0.8322) (Fig. 4b)
while IFN-y data could not be obtained from healthy individuakated with
GNP-bound CpG-ODN. However, increased HW-Nxpression by GNP-bound
CpG-ODN met the expectation of CpG-ODN-driven Tlfivation. Furthermore,
the parallel increase of IFiNin combination with suppressive cytokine IL-10 was
reported to be beneficial in challenging allerganditions(Stork et al. 2004).
This finding also supports the previously discus§k@/Th1l shift away from Th2
associated proallergic pathwgysirk and Vollmer 2007).

6.3.3 Curative effectiveness of the GNP-based formulation

Beside cytokine-based immunologic parameters, lineal impact of the hereby
proposed therapy was assessed. First, the breatitmger minute was assessed
as an easily accessible clinical parameter to idigtate healthy and RAO

affected individuals. RAO affected horses exhibitad breathing rate of
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19.6 (+ 1.47) breaths per minute (bpm) before tneat (Fig. 5a) which was
significantly higher than the measured bpm valué 18 0.98) of healthy horses
(P =0.0094). The regimen (five doses) lowered the sainificantly down to 12.8
(x 0.80) bpm P = 0.0036). After treatment the breathing rate oroger differed
significantly from physiological values (8- 16 bprof healthy horsesP( =
0.5447) (Fig. 5a). Therefore, it can be concludeat the regimen potentially
contributes to a normalization of bpm of RAO afésthorses.

The determination of blood gas was used to evaliteextent of gas exchange
and the response to treatm@obbinson 2001). The magnitude of gas exchange
abnormality correlates with the severity of bromdiis and clinical signs
(Robinson 2001). In this study, it was observed Healthy horses had a Pa®

94 mmHg (+ 2.07) (Fig. 5b). In contrast, RAO-affstthorses showed a Patd
86.75 mmHg (x 2.29) (Fig. 5b). This mean value wamificantly improved
(P =0.0153) towards 95.6 mmHg (x 1.69) by the fullireen of five inhalations
(Fig. 5b). Thereafter, no statistically significamlifference was observed
compared with the healthy animal® £ 0.5384). Although not significant,
variability in this study before and after treatrh@&as considerable in healthy
individuals. Therefore, this clinical parameter glonot be regarded as robust as
previously discussed criteria.

Healthy individuals exhibit airways which are freiemucus deposition. A typical
clinical sign of RAO is the appearance of excessmgeus accumulation within
the trachea by dyscrine and hypercrine pathologiaation known as
tracheobronchial secretion (TBS).

This clinical sign was positively affected by threatment of five inhalations as
the graded TBS score decreasBd=(0.1078) from 2.7 (x 0.436) to 1.7 (x 0.34)
(Fig. 5¢). However, TBS values of RAO-affected lsrsdid not dwindle to
physiological levels which accounted for 0.3 (x@).»n average but remained
significantly higher P =0.0019) than those of healthy subjects (Fig.. 5¢)
Additional studies need to clarify whether a longegimen can ameliorate the

already observed positive trend in TBS reduction.
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Fig. 5: Therapeutic effect of GNP-bound CpG-ODNs versus plain GNPs
(placebo) on important clinical parameters. a, Breathing rate before and after
treatment by GNP-bound CpG-ODNRAO-affected horses (n=4, £S.D.), before
and after treatment by GNP-bound CpG-ONealthy horses (n=4, £S.D.) and
before and after treatment by GNPs (placebo) inthgahorses (n=4, £ S.D., left
to right). b, Oxygen partial pressure in arterial blood befonedaafter respective
treatmentsc, Occurrence of tracheobronchial secrete before aftdr respective
treatmentsd, Percentile of neutrophil granulocytes in the TBSobe and after
respective treatments.

Within TBS, the percentage of neutrophile granulesyrepresents a strong
indicator for RAO (Lavoie et al. 2001). Moreovet,is regarded as one of the
most decisive parameters to evaluate RAO. Consdgudetermined levels were
high (70% + 0.50) in RAO individuals before treatthand differed significantly
from values of healthy horses exhibiting 26% (x)6(P = 0.0004) (Fig. 5d).
Treatment by GNP-bound CpG-ODN contributed to aificant decrease down
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to 50% (x 2.04) by three inhalations (P < 0.000id down to 40% (x 6.52) by
five inhalations P = 0.0048), respectively (Fig. 5d). The percentaafe
neutrophiles within the TBS was directly relatedthe severity of the RAO
condition. Therefore, it can be deducted that #heesty of the pathogenesis was
significantly reduced after five applications of 8found CpG-ODN as no
statistically significant difference could be obssd compared to healthy horses
(P = 0.195). Furthermore, Fig. 5d shows that in lmgattorses neither the GNP-
bound CpG-ODN R = 0.3472) nor the placebd® (= 0.8171) resulted in a
significant change of neutrophile percentages, eesgely. Previously, T-reg
activation was related to a reduction in activitydahe number of neutrophile
granulocytes by promoting their rate of apoptodiswkowicz et al. 2006).
Human neutrophiles are responsible to expressraivk TLRs except TLR3
(Lewkowicz et al .2006). Moreover, TLRs were shawmpossess a crucial impact
on T-reg stimulation and function (Lewkowicz et 2006). Beyond, TLRs were
referred to play an integral part in the organ@atdf innate immune responses
and indirect control of the adaptive immunity bytieating antigen presenting
cells (Pasare and Medzhitov 2003). Previous ingastins confirmed that T-reg
cells inhibit neutrophiles other than by directl-adll contact mechanism (CTLA-
4/B7-1 mechanism) and especially through IL-10cxdMontagnoli et al. 2006).
Furthermore, this mechanism was advantageous intrda@ment of allergic
diseases (Umetsu and DeKruyff 2006).

6.4  Conclusion

Above all, the GNP-based formulation was shown @¢owell toleratedn vivo.
The observed impressive IL-10 induction by the bgneroposed treatment could
directly be related to the clinically apparent @&asing neutrophile percentage.
Therefore, IL-10 induction most likely contributéd the regimen’s anti-RAO
effectiveness. Consequently, further studies wiginér patient numbers and dose
escalation are in planning state to elucidate tiiepbtential of this first applied

inhalative nanoparticle based immunotherapy in foatiucing animals.
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V Final conclusion and outlook

1. Enhanced production opportunities

Up-scaling of the original manufacturing setup washnically possible and
performed up to ten-fold increased batch sizesteByatic correlation studies
enabled the establishment of a set of equationgrédlict necessary GNP
preparation parameters for each relevant batch tae shall contribute to future
higher GNP demand in clinical manufacturing.

Moreover, the feasibility of replacing well-establed but initially toxic starting
material glutaraldehyde as a cross-linking agentth®y enzymatic alternative

Transglutaminase was demonstrated.

2. Analytics

Ultrasonic resonator technology was demonstrated aapable tool in relative
GNP size analysis and ODN surface binding detedtibich could serve in future
as a non-destructive tool for online in-process t@nin continuous GNP
production. Within this study, a variable responsk cationized and non-
cationized GNPs towards distinctive buffers waseolsd. The swelling and size
reduction was in accordance with the salts of tbémngister series.

Of special importance was the successful radioliladpef GNPs by radionuclides
n* or ®Ga*" respectively, to monitor their biodistribution efts.c. or i.v.
administration both by conservative sectioning aRHT. PEGylation was
conducted and proofed for several molecular weighiswever, no enhanced
circulation properties could be obtained due thevalent hydrophilic properties
of the starting molecule gelatin. Nevertheless, rddko-labeling technique could
be beneficial in new applications such as the nooinigj of inhaled GNPs and in

the quantification of the resulting lung deposition



224 Final conclusion and outloc

3. Immunotherapy

3.1 Adjuvant cancer immunotherapy

In continuation of promisingn vitro andin vivo studies on the employment of
GNP-bound CpG-ODN as an adjuvant in OVA-targetegceaimmunotherapy,
initial trials on the iISRNA-mediated immunostimudet clearly demonstrated that
GNPs can be of benefit in facilitating to addrels® dhe TLR-7 in antitumoral
settings. Here, isRNA superiorly entered the talggisome when transport was
GNP-mediated e.g. in contrast to DOTAP-mediatedsipart. GNPs effectively
protected the isSRNA from degradation upon RNAse Ilehge.
Immunostimulation was successful as revealed bywaiin of relevant DC
markers such as CD69 and most important, survivpte&immunized and OVA-
expressing tumor challenged mice was significaptiylonged. Ongoing studies
indicate that this promising strategy is workingaitherapeutic model setting, too.

Thus, GNP-based isRNA formulations could be capabfire existing tumors.

3.2 Immunomodulative effectiveness of GNP-bound CpG-ODNin a
preclinical canine study

The impressive benefit of CpG A-class delivery byYR3 to PBMCs in terms of

antiallergic IL-10 release was revealed in a cammegitro study. This laid the

foundation for further, now starting) vivo studies to elucidate the possibility of a

therapeutic option against common canine atopimedegtis by modulative CpG-

based immunotherapy.

3.3 Immunomodulative therapy of RAO horses — preliminay clinical trial
Finally, a novel approach in equine RAO therapy established, constituting the
first-time ever immunotherapeutic clinical studgasated with a colloidal carrier
system. First, an appropriate combination of neleuliand spacer to nebulize
CpG-GNP formulations was developed. Then, a s@tabpG sequence to
stimulate equine BAL cells was identified. Howevéhjs chosen CpG 2216
sequence was the prototype of CpG A-class and stwrences might even more
potently initiate desired cytokine production. Hostance, the potent A-class
sequence used for the canine study would be arestieg approach because a
CpG with a fully phosphothioated backbone was uded.addition to the

originally intended higher backbone stability amdistance against nucleases of



Final conclusion and outlook 225

the fully phosphothioated backbone CpG, an easskida of particle surface
loading could have contributed to an enhanced effidte fully phosphothioated
CpG variant may lead to a lower extend to self-aggtion and auto-particle
forming as CpG A-class with chimeric backbones éehtb do. Consequently,
individual ODNs may remain through increased if®&N electrostatic repulsion
on the one hand and higher electrostatic attra¢ctiarationized GNPs on the other
hand.

On cytokine detection level, it was remarkably festo distinguish RAO-
affected from healthy horseas vitro. Most notably, regulatory cytokine IL-10
expression was significantly triggerad vivo by five consecutive inhalations in
RAO-affected horses. The entirety of clinical paetens assessed after
nanoparticle treatment indicated a partial remis<6 the allergic condition. In
particular, breathing rates were lowered to physjal level, blood oxygen partial
pressure was significantly elevated, the pathogef3S score values were
moderately reduced and the RAO-determinant comtieméutrophile granulocytes
within the TBS was more than halved on average.réfbee, this preliminary
clinical study showed for the first time safety andrative effectiveness of

colloidal nanocarrier-mediated immunotherapy indgmoducing animals.

3.4  Outlook on further planned clinical studies on RAO

To elucidate its full potential, the therapy’s efigeness has to be validated in
further steps. Therefore, higher patient numbedsgatients affected with severe
RAO will be employed in projected follow-up studi@scooperation with a large
pharmaceutical company providing that the constapply of high-quality GNPs
can be maintained in the medium term. Of esseimipbrtance will be additional
controls to include both placebo and soluble (ndwP&ound) CpG in RAO-
affected horses. Moreover, as the present prelmpicianical study just illustrated
the effect of a five-fold inhalation protocol ovarrelatively short period of time
(less than a month), evaluation of both immunologid curative long-term
effects and the establishment of a dose-response-cwill be crucial steps

towards a possible future drug career.
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4. Outlook on the perspective of nanoparticles in nanoedicine

Translating laboratory innovation into clinical pgrects with commercial success
is challenging which applies especially to nanapkebased Nanomedicine. The
Food and Drug Administration (FDA) addressed thisue by releasing the
“Critical Path Opportunities List and Report”. Coangbly, the European
Medicines Agency (EMEA) set up a regulatory agerida Nanomedicine.
Essentially, the FDA identified seven main challesigfor nanomedicine to
achieve market registration approval that must densfically overcome. Such
challenges range from biodistribution knowledge tiwered in chapter IIl.4
gained by robust and reliable imaging techniques iasight into the detailed
mass transport across compartmental boundaridseimady, new mathematical
computer models to predict risk benefit and riskapeeters of nanoparticles to
finally establish an obligate standard and refezematerial system to which one
can refer in nanomaterial research. The latterasnpted by the National Cancer
Institute’s Nanotechnology Characterization labamat

Future perspectives concerning the clinical usearfoparticles include both the
possibility to detect and treat diseases at easlages than available today.
Moreover, nanoparticles could function as a platfofor the detection of
biomarkers including proteins, nucleic acids or ahabns and therefore be
valuable in early stage diagnosis.

Today, nanoparticle-enabled drug delivery stands @dgcisive crossroad whether
to proceed into the direction of highly complextsyss towards “nanorobots” or
to turn into a “keep it simple” strategy. At leasid-term orientated, the latter
appears to be more reasonable at least for twa fasdamentals: regulatory
issues and price. Clearly, the more complex theoparticulate device is, the
more potential risks does it bear. This coversmla@ufacturing process, where an
incredibly high monitoring effort for specificatiawompliance must be accounted
for and finally stretches to the animal or humatigod. In vivo, a multitude of
components might possess their own unique degoadatind metabolism
pathways. In the end, the two most crucial facares safety and reproducibility.
Resulting costs will be high and only reimbursedplglic health authorities and
insurances if convincing therapeutic benefits anargnteed in the increasingly

competitive  pharmaceutical market.  Nevertheless, noparticle-based
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nanomedicine holds a great promise to contributenfwroved health care, more

efficient health economics and personalized medicin
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Munich, Germany and The Hague, Netherlands

Pharmacist (retail), Unterschleissh&ermany

PhD studies at the DepartmeRhafmacy
Pharmaceutical Technology and Biopharmaceutics
Ludwig-Maximilian University Munich, Germany
Supervisor: Prof. Dr. Gerhard Winter

Research stay at the Schoolarindty
University of Colorado at Denver, CO, USA
Supervisor: Prof. Dr. Thomas J Anchordoquy

Practical education in pharmdipfpma thesis at
Department of Pharmaceutical Research, Hoffmann La
Roche AG, Basel, Switzerland

Practical education in pharmestai(), Kreuz-Apotheke,
Heinsberg, Germany

Study of pharmacy, Eberhard-Kaiversity, Tubingen,
Germany

Military Service at the Germanfaice
NATO E3A Component, Geilenkirchen, Germany

High School, Kreisgymnasium HeengbGermany,
Graduation with “Abitur”



