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PREFACE

The present work summarizes and discusses the main results of the attached publica-
tions or manuscripts in preparation/submitted manuscripts prepared in cooperation with
the Department of Organic Chemistry, the Department of Physical Chemistry (Johan-
nes Gutenberg University, Mainz), Biopharmaceutical New Technologies (BioNTech,
Mainz) Corporation and TRON-Translational Oncology (University Medical Center of
the Johannes Gutenberg, Mainz). In the following passage the author contribution and
a short summary for each published or unpublished work is listed.

Publication 1:

Selective Uptake of Cylindrical Poly(2-Oxazoline) Brush-AntiDEC205 Antibody-
OVA Antigen Conjugates into DEC-Positive Dendritic Cells and Subsequent T-
Cell Activation (Chemistry - A European Journal, Communication, 2014)

Jasmin Blhler,[a, b] Sabine Gietzen,[a] Anika Reuter,[a, c] Cinja Kappel,[e] Karl
Fischer,[a] Sandra Decker,[a] David Schéffel,[d] Kaloian Koynov,[d] Matthias Bros,*[e]
Ingrid Tubbe,[e] Stephan Grabbe,*[c, e] and Manfred Schmidt*[a, b, c]

[a] Institute for Physical Chemistry, University of Mainz, Jakob-Welder Weg 11, 55099 Mainz
(Germany)

[b] Graduate School Materials Science, Staudinger Weg 9, 55128 Mainz (Germany)
[c] Max Planck Graduate Center, Staudinger Weg 9, 55128 Mainz (Germany)
[d] Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz (Germany)

[e] Department of Dermatology, University Medical Center of the Johannes Gutenberg Universi-
ty Mainz, Langenbeckstrasse 1, 55131 Mainz (Germany)

[*] These authors contributed equally to this work.

The modification of nanocarriers with targeting antibodies allows a delivery of biological
components to specific cell populations. In immunotherapy, DEC205 receptor positive
dendritic cells (DCs) are a popular target since these cells can induce potent T cell im-
mune responses. This publication presents a cylindrical brush polymer with poly-2-
oxazoline side chains each one carrying an azide endgroup. Click conjugation of anti-

Vil



DEC205 antibody onto the polymer brush yielded a specific uptake into DEC205*
mouse bone marrow-derived dendritic cells (BMDCs), but not in DEC205 BMDCs or
non-DCs. BMDCs pre-treated with antibody and antigen conjugated multifunctional
polymer brush resulted in a much stronger T-cell stimulatory capacity than pre-
treatment with polymer-antigen conjugate or soluble antigen.

Author contribution:

e performance and evaluation of in vitro proliferation assays

Publication 2:

Targeting cells of the immune system: mannosylated HPMA-LMA block-
copolymer micelles for targeting of dendritic cells (Nanomedicine, Research Ar-
ticle, 2016)

Nicole Mohr* ', Cinja KappeF: 2, Stefan Kramer', Matthias Bros" #, Stephan Grabbe " ?
& Rudolf Zentel ™'

" Institute of Organic Chemistry, Johannes Gutenberg-University Mainz, Duesbergweg 10-14,
55099 Mainz, Germany

2 Department of Dermatology, University Medical Center, Johannes Gutenberg-University
Mainz, Obere Zahlbacher StraBBe 63, 55131 Mainz, Germany

# Authors contributed equally

The targeted delivery of antigen and stimulating adjuvant to antigen presenting cells
(APCs) like dendritic cells (DCs) is a promising approach for tumor immunotherapy. We
describe the suitability of mannosylated HPMA-LMA block copolymer micelles as DC
targeted nanocarrier. Mannose conjugated HPMA-LMA block copolymer micelles
showed a specific binding to mannose receptor (MR) expressing bone marrow derived
dendritic cells (BMDCs) and splenic DCs. Confocal images and blocking assays with
mannan revealed an uptake into BMDCs in a MR-dependent manner. In addition,
HPMA-LMA block copolymer micelles loaded with L18-MDP induced DC activation.

Author contribution:

e performance and evaluation of all biological experiments
 preparation of the manuscript together with || G
IX




Publication 3:

Functionalization of Active Ester-Based Polymersomes for Enhanced Cell Uptake
and Stimuli-Responsive Cargo Release (Biomacromolecules, Article, 2016)

Martin Scherer,” Cinja Kappel,* Nicole Mohr," Karl Fischer,® Philipp Heller,” Romina
Forst," Frank Depoix,’ Matthias Bros,* and Rudolf Zentel'

T Institute of Organic Chemistry, Johannes Gutenberg-University Mainz, Duesbergweg 10-14,
55128 Mainz, Germany

* Department of Dermatology, University Medical Center, Johannes Gutenberg-University
Mainz, Obere Zahlbacher StraBe 63, 55131Mainz, Germany

§ Institute of Physical Chemistry, Johannes Gutenberg University Mainz, Jakob-Welder-Weg 11,
55099 Mainz, Germany

I'nstitute of Zoology, Johannes Gutenberg University Mainz, J.-J.-Becher-Weg 7, 55128 Mainz,
Germany

This work describes the use of poly(2,3-dihydroxypropyl methacrylamide) (P(DHPMA))-
based amphiphilic block copolymer vesicles (polymersomes) as potential nanovaccine
targeting dendritic cells. To allow a pH-responsive disintegration for cargo release 2-
(2,2-dimethyl-1,3-dioxolane-4-yl)ethyl methacrylate was incorporated into the hydro-
phobic block (lauryl methacrylate). The polymersomes showed only minor cytotoxicity
and mannose as targeting structure provided selective targeting of bone marrow de-
rived dendritic cells, which express the mannose receptor CD206.

Author contribution:

o performance and evaluation of all biological experiments




Publication 4:

PeptoSomes for Vaccination: Combining Antigen and Adjuvant in Poly-
pept(o)ide-Based Polymersomes. (Macromolecular Bioscience, Communication,
2017)

Benjamin Weber, Cinja Kappel, Martin Scherer, Mark Helm, Matthias Bros, Stephan
Grabbe, and Matthias Barz*

B. Weber, Dr. M. Scherer, Dr. M. Barz: Institute of Organic Chemistry Johannes Gutenberg-
University Mainz, Duesbergweg 10-14, 55128 Mainz, Germany, E-mail: barz@uni-mainz.de

C. Kappel, Dr. M. Bros, Prof. S. Grabbe: Department of Dermatology, University Medical Cen-
ter, Johannes Gutenberg-University Mainz, Obere Zahlbacher StraBe 63, 55131 Mainz, Germa-

ny

Prof. M. Helm: Department of Pharmacy and Biochemistry, Johannes Gutenberg-Universitat
Mainz, Staudinger Weg 5, 55128 Mainz, Germany

In this work, the first vaccine based on a PeptoSome containing a model antigen (SI-
INFEKL) and an adjuvant (CpG) is introduced. PeptoSomes are polypept(o)ide-based
polymersomes built of a block copolymer with polysarcosine (PSar) as the hydrophilic
block and poly(benzyl-glutamic acid) (PGlu(OBn)) as the hydrophobic one. Loaded with
SIINFEKL and CpG bone marrow derived dendritic cells (BMDCs) engulfed the Pepto-
Somes in in vitro culture and led to their activation. Furthermore, DC-mediated antigen-
specific T-cell proliferation was achieved which demonstrates the potential of Pepto-

Somes as a versatile platform for vaccination.

Author contribution:

e performance and evaluation of all biological experiments
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Publication 5:

Protein corona-mediated targeting of nanocarriers to B cells allows redirection of
allergic immune responses. (Journal of Allergy and Clinical Inmunology, Article,
2018)

Limei Shen, PhD,? Stefan Tenzer, PhD,” Wiebke Storck, MSc,” Dominika Hobernik,
MSc,? Verena Katherina Raker, PhD,? Karl Fischer, PhD,° Sandra Decker, PhD,° An-
drzej Dzionek,® Susanne Krauthduser, PhD,® Mustafa Diken, PhD,® Alexej Nikolaev,’
Joachim Maxeiner, MSc,° Petra Schuster,’ Cinja Kappel, MSc,? Admar Verschoor,
PhD," Hansjérg Schild, PhD,”* Stephan Grabbe, MD,?* and Matthias Bros, PhD?*

a: the Department of Dermatology, b: the Institute for Immunology, f: the Institute for
Molecular Medicine, and g: the Asthma Core Facility, Research Center for Immunotherapy,
University of Mainz Medical Center; c: the Department of Physical Chemistry,

University of Mainz; d: Miltenyi Biotec GmbH, Bergisch Gladbach; e: TRON-Translational
Oncology at the University Medical Center of the Johannes Gutenberg University

gGmbH, Mainz; and h: the Institute for Systemic Inflammation Research,

Universitat zu Libeck.

*These authors contributed equally to this work.

Here, we analysed the relevance of the protein corona on cell type-selective uptake of
dextran-coated nanoparticles (DEX-NPs) and determined the outcome of vaccination
with NPs that codeliver antigen and adjuvant in disease models of allergy. DEX-NPs
triggered lectin-induced complement activation, yielding deposition of activated com-
plement factor 3 on the DEX-NP surface. In the spleen, DEX-NPs targeted predomi-
nantly B cells through complement receptors 1 and 2. The DEX-NP vaccine provoked
much stronger OVA-specific IgGza production than coadministered soluble OVA plus
CpG oligodeoxynucleotides whereas the B-cell binding of the DEX-NP vaccine was
critical for this antibody production. In a therapeutic setting, treatment of OVA-
sensitized mice with the DEX-NP vaccine prevented induction of anaphylactic shock
and allergic asthma accompanied by IgE inhibition. This intrinsic B-cell targeting prop-
erty of lectin-coated NPs can be exploited for treatment of allergic immune responses.

Xl



Author contribution:

e assistance for in vivo experiments

Publication 6:

Sometimes less is more: Antibody surface density determines the biodistribution
of peptobrush nanoparticles (submitted for ACS Nano)

T Department of Dermatology, University Medical Center of the Johannes Gutenberg, University
Mainz, Langenbeckstrasse 1, D-55131 Mainz, Germany

* Institute for Organic Chemistry, Johannes Gutenberg University, Duesbergweg 10-14, D-
55099 Mainz, Germany

* Institute for Physical Chemistry, Johannes Gutenberg University, Welder Weg 11, D-55099
Mainz, Germany

# TRON-Translational Oncology at the University Medical Center of the Johannes Gutenberg
University GmbH, Freiligrathstr. 12, Mainz 55131, Germany

§ Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany
$ Biontech AG, An der Goldgrube 12, 55131, Mainz

This work further elucidates the mechanisms of unwanted liver accumulation of
nanocarriers decorated with targeting antibodies. We employed sarcosine-based pep-
tobrushes as nanocarriers which are characterized by a long circulation time, and low
organ accumulation as well as little unspecific cell binding. This peptobrush was conju-
gated with defined average numbers (2, 6 and 12) of an antibody specific for the sur-
face receptor DEC205 that is expressed by conventional dendritic cells type 1 (cDCH1).
Our data point to a direct correlation between the number of antibodies per peptobrush
and the extent of peptobrush accumulation in the liver. Intermediate and high antibody
density are efficiently engaged and internalized by liver sinusoidal endothelial cells
(LSEC), whereas Kupffer cells play a minor role. Subsequently, peptobrushes with in-
termediate/high antibody density reached cDC1 only at low extent, whereas conjuga-
tion of peptobrushes with 2 antibodies resulted in pronounced binding to target cells in

Xl



the spleen and only low liver accumulation. Additionally, blocking experiments revealed
that liver sinusoidal endothelial cells (LSECs) bind antibody-conjugated peptobrushes
via their Fc receptors, since these recognize the Fc part of the targeting antibody.
These results suggest an advantage of lower antibody amounts in the design of target-

ed nanocarriers to prevent extensive liver accumulation.

Author contribution:

e design, conduction and performance of all in vitro and in vivo biological
experiments (except imaging)

o preparation of the manuscript together with || GG and

Publication 7:

Molecular Vaccines based on Cylindrical Bottlebrush Polymers: Influence of
Size, Shape and Surface Functionality on Antigen specific Inmunity (in prepara-
tion for ACS Nano)

Cinja Kappel,*

*Institute for Organic Chemistry, Johannes Gutenberg University, Duesbergweg 10-14, D-55099
Mainz, Germany

TInstitute for Physical Chemistry, Johannes Gutenberg University, Welder Weg 11, D-55099
Mainz, Germany

#Max Planck Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany

*Department of Dermatology, University Medical Center of the Johannes Gutenberg, University
Mainz, Langenbeckstrasse 1, D-55131 Mainz, Germany

$STRON-Translational Oncology at the University Medical Center of the Johannes Gutenberg
University GmbH, Freiligrathstr. 12, Mainz 55131, Germany.

TBiopharmaceutical New Technologies (BioNTech) Corporation, An der

Goldgrube 12, Mainz 55131, Germany.
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This work reports on the synthesis of differentially sized and shaped cylindrical brush
polymers as nanovaccines. The cylindrical brush polymers consist of a polylysine
backbone and polysarcosine side chains (peptobrushes) and are thus completely
based on endogenous amino acids. The size, shape and surface functionality can be
completely controlled chemically. A detailed protocol for the step-wise conjugation of
the peptobrushes with the model antigen ovalbumin (OVA), the immune activator
(CpG) and the targeting antibody (aDEC205) is described, that allows the precise con-
trol of the average number of each of these components per peptobrush. Peptobrushes
were very well tolerated by cells, showed no aggregation in concentrated blood serum
and extended circulation in the blood stream of mice after intravenous injection inde-
pendent on size and shape. Interestingly the vaccine with the rod-like shape led to the
most potent T cell proliferation response in vitro (OTl model) and was able to provide a
protection from tumor growth in mice after subcutaneous vaccination. These findings

underline the meaning of nanoparticle architecture to maximize immunity.

Author contribution:

o performance and evaluation of some in vitro biological experiments
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ABSTRACT

1. ABSTRACT

The treatment of severe immune diseases such as cancer, allergy or autoimmunity de-
mands new strategies to overcome the development of resistances or relapses. The em-
ployment of nanoparticles as carriers for the delivery of biological components targeting
specific tissues or cell types might help to meet these challenges. Especially their em-
ployment for the vaccination of antigen presenting cells (APCs), a pivotal group of immune
cells, has turned out to be a promising immunotherapeutic approach. In this case,
nanocarriers ensure the co-delivery of antigen and adjuvant, the two components required

for a vaccination.

The aim of this thesis was to investigate the potential of different types of nanoparticles for
an in situ vaccination of APCs to induce an effective immune response. Therefore, inor-
ganic and organic, polymer-based non-toxic nanoparticles were synthesized, and modified
with various biological components with the aim to target and activate APCs. These
nanocarriers were investigated in cell cultures and mouse models regarding their biodis-

tribution, APC targeting efficiency and their capacity to induce T cell immune responses.

To achieve an active targeting of APCs their expression of C-type lectins which constitute
pathogen recognizing receptors, were exploited. Natural ligands for these receptors or
corresponding antibodies were attached to the nanocarriers which led to a successful tar-
geting of dendritic cells and B cells in vitro and in vivo, as confirmed by flow cytometry and
confocal microscopy. Comprehensive biodistribution experiments of sarcosine-based pol-
ymer brushes on organ and cellular level provided more insights into mechanisms leading
to liver trapping of nanoparticles, which is often observed after their systemic application.
This study revealed that antibody-coated polymer-brushes are cleared by Fc (fragment
crystallizable) receptors of liver sinusoidal endothelial cells and indicated that a lower an-
tibody density on nanocarriers is preferable since this largely prevented their recognition
by Fc receptors compared to high antibody amounts, and thereby facilitated the intended
dendritic cell (DC)-specific targeting.

Functionalization of the nanocarriers with a toll-like receptor (TLR) ligand or nucleotide-
binding oligomerization domain (NOD)-like receptor (NLR) ligand as an adjuvant and SI-
INFEKL/Ovalbumin (OVA), a protein derived from the chicken egg as model antigen led to
a maturation of targeted dendritic cells in vitro and induced a T cell response in vitro and
in vivo. Finally, the efficiency of this approach was confirmed in tumor and allergy mouse
models.




ABSTRACT

To conclude, the obtained results indicate a functional activity of different nanocarriers,
give new insights into the requirements for a nanoparticle-based APC vaccination and
show that these can be fulfilled by several types of nanoparticles.




SUMMARY

2. SUMMARY

2.1 Key players and important organs of the immune system

Mammals possess several defence barriers to prevent the entry of foreign materials or
pathogens. These barriers encompass: i) the skin/mucosal microbiota which prevents
the accumulation of virulent pathogens, ii) the stratum corneum as a physical barrier,
iii) the presence of RNases and other enzymes intended to degrade pathogens. Be-
sides the just mentioned passive mechanisms, the organism fends pathogens which
overcame these barriers with a highly regulated system of various interacting cells and
humoral components collaborating with each other. This immune system can roughly
be divided into an innate and an adaptive part with cellular and humoral components
on each side. Both are specialized to recognize and neutralize potentially harmful sub-

stances .

APCs are important immune cell populations which induce tolerance under steady
state conditions sparing the body’s own tissues and cells and adaptive immune re-
sponses in case of an inflammation. Classical APCs are B cells, macrophages and
dendritic cells which can detect and capture antigens or pathogens due to several cell
surface receptors like members of the pattern recognition receptor (PRR) family or B
cell receptors (BCRs) 2°. Afterwards the antigen/pathogen is engulfed and processed
prior to its presentation in a major histocompatibility complex | (MHCI) or MHCII context
1. Different types of APCs are found throughout the body, in various organs and in the
blood, but the highest amounts are apparent in the secondary lymphoid organs, pre-
dominantly in the spleen and the lymph nodes. After antigen contact in the periphery
dendritic cells have the possibility to migrate to draining secondary lymphoid organs
where they prime antigen-specific T lymphocytes .

B cells mediate the humoral immune response, based on antibody production by plas-
ma B cells. Their BCR detects antigen, phagocytoses and degrades it followed by the
presentation of derived antigens on the cell surface in context with MHCII. Antigen-
specific T helper (Th) cells can then bind this antigen-MHCII complex with their T cell
receptors (TCR) and initiate the activation of the B cell followed by the transformation
to its plasma cell state. The thereby produced antibodies mark the pathogen leading to
its destruction. Nevertheless, B cells can also be activated T cell-independently which
often results in a rapid production of antibodies with lower affinity 8.
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Macrophages are large phagocytes which also present engulfed antigen and can en-
hance the T cell response although they are not capable of activating naive T cells 7.

Whereas some immune cells are clearly associated with either the innate immune sys-
tem like natural killer cells or mast cells or with the adaptive part like T cells or B cells,
DCs represent a crucial link between the first innate defence barrier and the adaptive
pathogen-specific immune response *''. Due to their high specialization to capture and
degrade antigen, to migrate to the secondary lymphoid organs and efficiently activate
naive T cells, they are considered as professional APCs '>-'4. Their name-giving, nu-
merous long dendritic cell protrusions extend their membrane surface and allow, in
combination with a high expression of MHC molecules, the presentation of large
amounts of antigen. This presentation in an MHCI and MHCII complex initiates the ac-
tivation of naive cytotoxic T cells, by a process named cross-presentation, or activation
of naive Ty cells, depending on the DCs’ subtype '°.

B cells and T cells are the main cell populations in the secondary lymphoid organs
whereas DCs and macrophages are much rarer (table 1). The spleen is organized in
different areas. It can be divided into a white and a red pulp layer. The white pulp is
reached first by in-coming blood from the arterioles and contains most of the immune
cells like T cells, dendritic cells and macrophages. The red pulp, responsible for re-
moval of old erythrocytes and recycling platelets, also contains subtypes of dendritic
cells and macrophages (figure 1 & figure 2) "'¢. The lymph nodes are compartmental-
ized by trabeculae. B cells and dendritic cells are found in the primary lymphoid follicle
of each compartment whereas T cells are located more towards the center in the para-
cortical area. The medullary cords near the center and the entrance of blood vessels
contain mainly macrophages (figure 3) '.

Table 1: Percentage of the main immune cell populations in the secondary lymphoid or-

gans

B cells T cells DCs Mphs
spleen ~ 50 % ~ 30 % ~2 % 1-2 %
lymph nodes ~12 % ~70 % ~1% 1-2 %
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Figure 1: Compartmentation of the spleen. Different zones also differ in their immune cell

composition.
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Figure 2: Structure of the spleen and its blood vessels. Sections of the white pulp show the

different zones.
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Figure 3: Section of the lymph node showing different compartments and vessels.
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Although spleen and lymph nodes are considered as the key organs of action regard-
ing T cell priming, the immunological functions of the liver get more and more attention.
The liver is responsible for many different functions of the body. It acts primarily as a
metabolizing organ. Besides filtration and inactivation of harmful substances, the liver
additionally plays a role in the regulation of hormones, the glucose metabolism and in
digestive processes '8, But other than this it also displays some purposes in immune
response regulation although it does not belong to the immunological organs per defini-

tion 1920,

There is a well-developed innate immune system within the liver which mainly shows
high capacity to induce immune tolerance 2'-2 but there is also evidence for efficient
innate immunity. Adaptive immunity, in contrast, is found only rarely in this organ 2*. As
the liver is continuously exposed to foreign material like bacterial components coming
from the digestive system, keeping up the tolerogenicity is very important. The liver
cells can be classified in parenchymal cells and non-parenchymal cells (NPCs), includ-
ing the immune cells. Within the NPCs around 25 % are lymphocytes, T cells, B cells
and NK cells. About 20 % of the NPC population are Kupffer cells, the main group of
liver macrophages, and only 1 % are resident dendritic cells. Besides the typical im-
mune cells usually found in lymphoid organs, the liver NPCs are also composed of
about 50 % liver sinusoidal endothelial cells (LSECs) (figure 4) 5.
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Figure 4: Cellular composition of the liver (average frequencies of the various cell types are

indicated, modified from Mannaa & Abdel-Wahhab 2016).

These cells are specialized endothelial cells which line the liver sinusoid and form a
border in the gap between blood cells and hepatocytes called space of Disse (figure 5)
%6, Morphologically, LSECs are highly fenestrated and deficient of a basement
membrane making them highly permeable. Their fenestrae have a size of 50 to 150 nm
in diameter dependent on their localization within the liver. Smaller ones can be found
in the centrilobular region whereas larger ones are located in the periportal region 2728,
Exposed to the venous portal blood coming from the digestive system LSECs clear the
blood by guiding proteins, macromolecules or nano-sized materials like bacterial
compounds through passing them onto hepatocytes and stellate cells (transcytosis) 2°.
LSECs are also capable of endocytosis and possess the highest phagocytic capacity in
the mammalian body. Additionally, they serve as a scaffolding several liver immune
cell, like Kupffer cells, cling to and exert well-developed scavenger functions, since
they express SR (scavenger receptor)-A (52), SR-B, and SR-H *°. Further, LSECs
express PRRs like CD206, L-SIGN (Liver/lymph node-specific intercellular adhesion
molecule-3-grabbing integrin), the endocytic Fc gamma-receptor lIb2 and TLRs 3'-34
making them interesting regarding immune modulation. The tolerogenic environment

within the liver is highly shaped by LSECs. Due to the continuous exposition to
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lipopolysaccharides LPS derived from the gut, they are tolerant to consistent low
concentrations and thereby contribute to maintenance of endotoxin tolerance within the
liver. Only upon detection of a change in LPS concentration they release
proinflammatory cytokines %. They also act as sentinel cells modulating immune
effector cells in the course of inflammation and play a role in hepatocyte infection 36-38,
T cell activation can be reduced due to an interaction between the T cell associated
CD44 and LSECtin 3° and LSECs are also reported to cross-present but rather induce
antigen specific T cell tolerance “°. Notably, there is also evidence of cell killing by
cytotoxic T cells after LSEC-mediated cross priming #'. Even though, LSECs are not
defined as APCs in a traditional way, they possess some of their features.
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Figure 5: Space of Disse and its associated cells
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2.2 Cancer immunotherapy

The term immunotherapy describes an intervention in the immune system at different
checkpoints. In the field of tumor treatment this therapy is usually supposed to activate
the body’s own immune system and/or to abolish tolerance towards tumor cells. Non-
specific immunotherapies using immunostimulatory agents like CpG ODNs (Cytosine-
phosphate-Guanine oligonucleotides) #? or cytokines like interleukins (IL) or interferons
(INF), for example INFa in the treatment of melanoma “® lead to an improved action of
immune cells like macrophages or natural killer cells which can destroy tumor cells,
slow down tumor growth or prevent further metastasis #*. So-called checkpoint inhibi-
tors are another possibility, as these block essential protein interactions, leading to an
amplified immune response. Antibodies against the cytotoxic T lymphocyte associated
protein 4 (CTLA-4) (Ipilimumab, Tremelimumab) or anti-programmed cell death protein
1 (anti-PD-1)/ anti-programmed cell death 1 ligand 1 (anti-PDL-1) (Nivolumab, Atezoli-
zumab), for example, are effective treatments for advanced melanoma and many other
cancerous diseases 546, As of late there is also the option of oncolytic virus therapy: In
2015, the food and drug administration (FDA) approved talimogene laherparepvec (Im-
lygic), or T-VEC a genetically modified herpes simplex virus #’. For the treatment of
malignancies of the hematopoietic system chimeric antigen receptor (CAR) T cell ther-
apies have become successful. In this process, T cells are removed from the patient’s
blood and genetically modified in a way that the T cells de novo express an tumor anti-
gen specific receptor and are able to destroy the dangerously altered cells after reinjec-

tion in the patient’s body .

Vaccines designed to prevent cancer are already in the clinical daily routine and protect
from virus infections which are highly associated with carcinogenesis “°. Unfortunately,
only few cancer types fall into this category which is the reason why ongoing research
also focusses on production of a direct vaccination against tumor antigens and thereby
prevent tumor formation. And even therapeutic vaccinations like autologous- and allo-
genic cell-based vaccines can be an innovative treatment option for patients even in
the case of already existing cancer diseases *°-°2. In the case of autologous cell vac-
cines dendritic cells are removed from the patient’s blood and pulsed with lysates of the
patient’s tumor cells to provide tumor-associated antigens (TAAs) and exposed to an
immune adjuvant to stimulate the cells. Afterwards, these activated dendritic cells, pre-
senting tumor antigens, are reinjected into the patient to achieve an activation of cyto-
toxic T cells and/or Th cells. Allogenic cell-based vaccines are using lysates of tumor
cells not belonging to the patient but including TAAs or the dendritic cells are genetical-
ly modified in a way that they express and present the TAA.

9
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Despite great progress in the field of cancer immunotherapy, there are still many chal-
lenges to overcome. Off target effects, insufficient immunogenicity or low bio stability
are common problems. In several cases these difficulties can be solved with the help of
diverse nanoparticles. Tumor necrosis factor a (TNFa) for example, a potent cytokine,
has very severe toxic effects when applied systemically 53. Treatment is therefore lim-
ited to local administration with techniques like isolated limb perfusion 54. Instead TNFa
embedded in a nanocarrier can be given intravenously as it is less toxic and accumu-
lates preferably in tumor tissues due to the enhanced permeability and retention (EPR)-
effect while sparing healthy cells °°. Nanoparticles can also modulate immune tolerance
and inhibitory effects. It has been reported that T cells, often anergic in the TME, can
be restored with their proliferative capacity by IL-2 functionalized nanocapsules %. Tu-
mor cells themselves can also be targeted and reformed from an immune suppressive
to a vulnerable state with the help of inhibitors incorporated in nanoparticles for exam-
ple %. Regarding cancer vaccination, nanoparticles are designed to act as a platform
delivering high amounts of tumor associated antigen and stimulating adjuvants to APCs
followed by a T cell immune response against the tumor cells. The employment of na-
nopatrticles for tumor therapy and for a (tumor-) immunotherapy are covered more in

detail in the next sections.

2.3 Nanomedicine

Nanomedicine represents a branch of nanotechnology used and developed in the med-
ical and pharmaceutical fields. Formulations used in the domain of nanomedicine are
often called nanocarriers or nanoparticles and are widely defined as particles with a
size range between 10-100 nm in one dimension (recommendation of the 2011 Euro-
pean Commission), although a general definition in terms of size is missing and there
are plenty of nanoparticles with a size of several hundred nanometers. Exploiting the
versatility of nanoparticles implies expectations for diagnostic and therapeutic purposes
of several diseases. There are many different forms of nano-scaled particles and multi-
ple ways to classify them. To broadly define them three groups can be differentiated:
one dimensional, two dimensional and three dimensional nanoparticles %. A more ma-
terial-focused differentiation categorizes polymer-based nanopatrticles, lipid-based na-

noparticle, inorganic nanoparticles, viral nanoparticles and drug-conjugates (figure 6)
59
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Figure 6: Different nanoparticle systems used in the field of nanomedicine

Their numerous differences regarding shape and material go with their specific
advantages and consequently create a wide field of application possibilities in
medicine. For example, silver particles in wound healing are potent at reducing
infections because of an intrinsic antibiotic activity and can also improve skin graft
adherence ©%%', Nanoparticles which address tumor cells in a passive way by exploiting
the well-studied EPR effect or actively (targeted) equipped with ligands or receptor
specific antibodies % can be beneficial in many ways. From receiving more precise
diagnosis in combination with medical imaging or by detection of cancer biomarkers
to a transport of chemotherapeutics to the tumor site in order to minimize toxic side
effects . In the field of tissue engineering nanoparticles can build scaffolds for cells
and in this manner serve to correct bone defects for example by mimicking the fibers
of the natural extracellular matrices (ECM). A more elaborately usage of nanocarriers
is their employment as gene delivery systems. After overcoming challenges like
efficient endolysosomal escape and proper release of deoxyribonucleic acid (DNA) into
the nucleus these particles could even lead to a restored protein expression due to an
insertion or replacement of a missing or defective gene . Another more advanced but
still not well engineered application is the vaccination of immune cells in order to
(re)program the immune system to fight cancer or infectious diseases 70 or

deficiencies in immune tolerance like in allergy or autoimmune diseases "'-7°.
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24 Use of nanoparticles for tumor therapy

Cancer is the second leading cause of death referring to the world health organization
(WHO) and its treatment remains a challenge in many cases. Insufficient tumor toxicity
and unacceptable side effects of chemotherapeutics or radiation therapy can be a
problem. And even though there are more advanced therapeutic options available
nowadays like inhibitors and small molecules, they can lead to a prolonged lifetime but
do not implicate a cure for the patients because of upcoming tumor resistance against
these agents.

241 Tumor-targeting nanoparticles

Nanoparticles might offer a solution for these kinds of problems as they are able to
decrease drug resistance 74, to enhance solubility " by entrapping water insoluble
agents into water soluble liposomes for example 7® which allows dose reduction also
due to the potential to deliver drugs in a cell type-specific manner by targeting ’” result-
ing in a lower toxicity 8. Moreover, they can provide longer circulation in the body com-
pared to application of free drug 7°, and enhance therapy effectiveness for example in
thermo-radiotherapy by increasing apoptosis of tumor cells due to cytotoxic effects of
the nanoparticles 88, In the last few years scientific work concerning nanopharmaceu-
ticals for diagnosis and treatment of cancer diseases has vastly increased as indicated
by the rise in publications in this field. One focus of improving nanopharmceuticals is to
make chemotherapeutic therapy less toxic and simultaneously more effective. So far,
chemotherapeutics have to be applied intravenously in most cases which means that
the drug can distribute throughout the whole body. To reach metastasis this circum-
stance can be beneficial, but unfavorable for healthy cells which are damaged by
treatment as well resulting in numerous severe side effects. Nanoparticular formula-
tions of the same drug can increase tumor accumulation, due to the EPR effect or ac-
tive targeting of surface receptors highly expressed by tumor cells, and thereby reduce
the dose which involves reduction of side effects and there is evidence that they en-
hance drug stability and bioavailability as well. There are basically two ways to obtain
accumulation of drugs used for diagnosis but also for therapy within the tumor mass.
Passive targeting is enabled by the EPR effect as already mentioned above. It is based
on a higher vascularization and higher permeability of blood vessels within the tumor
which leads to a higher retention of the nanoparticles 628, The other possibility is an
active targeting using ligands specific for receptors overexpressed by tumor cells, like
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folic acid or transferrin 884 but also antibodies 8 or carbohydrate moieties binding to
lectin receptors can provide active targeting . These kinds of application aspects of
nanoformulations are already evaluated in the clinic or in ongoing clinical studies and
some nanocarrier-based drug delivery systems have been licensed for tumor therapy.
Primarily, liposomes have been successfully translated into the clinic. Over twenty
years ago Doxil® was approved as the first nano-drug, a liposomal nanoformulation of
the chemotherapeutic doxorubicin used for the treatment of several types of cancer

87,88

2.4.2 Nanoparticle-based tumor immunotherapy

A fast-developing approach is the immunotherapy of tumor diseases driven by nano-
particles. The basic principle is to exploit the patient’s immune system to induce and
shape anti-tumor immune responses. Immune cells can detect and fight potentially
harmful pathogens like bacteria, parasites but also virus infected and malignant cells.
The immune system destroys malignant cells daily. Nevertheless, in some cases the
immune system fails in detecting or killing tumor cells for various reasons. Tumor-
mediated immune deviation and tolerance induction, due to down-regulation of antigen-
presenting surface receptors (MHCI) and subsequent impaired self-antigen presenta-
tion &, which T cells need to recognize as a prerequisite for elimination of those cells,
and expression of inhibitory receptors like PDL1 ®°, induction of regulatory cells and
high levels of immunosuppressive mediators in the tumormicromillieu (TMM) °92 are
just some of the factors that contribute to tumor immune evasion. Nanotechnology
could offer solutions to overcome these problems. As the size of nanoparticles is com-
parable to that of bacteria and viruses, they are prone to be taken up by immune cells
like dendritic cells and macrophages. Reprogramming immune cells to ensure toler-
ance reduction and active immune response against tumor antigens can be an effec-
tive way to restore the body’s own defense against altered cells. A popular concept to
reach this is targeting APCs like macrophages or dendritic cells with nanocarriers. They
can deliver tumor-associated/specific antigen and various immune-modulating agents
into the cytoplasm or even into the cell nucleus of these cells and thereby induce either
disruption of tolerance mechanism or directly promote an immune response against the
tumor %5, Applying antigen and an adjuvant detached includes the chance of a sepa-
rated uptake by different APCs. An uptake of only one of these agents alone could pro-
voke tolerance in the case of antigen and autoimmune reactions in the event of an ex-
clusive uptake of adjuvant. In this case nanoparticle systems provide a platform to
combine the two agents and thereby ensure co-administration to the up taking cells

13
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and additionally protect the cargo %. Besides protein, nanoparticles can also vaccinate
cells with a genetic cargo, coding for antigen and adjuvant for example, either ribonu-
cleic acid (RNA)-or DNA-based °"%.The antigen incorporated in the particle or conju-
gated to the particle can be individualized for patient’s tumor using either tumor-specific
antigens (TSAs), exclusively expressed by tumor cells, or TAAs which are overex-
pressed in tumor cells. This kind of therapy opens up new possibilities not only for tu-
mor patients but also for the treatment of allergies and auto-immune diseases.

2.5 Dendritic cells as target for nanoparticle-based vaccine

First identified by Ralph Steinman in 1973 dendritic cells as the main professional anti-
gen presenting cells of the immune system constitute an important component of the
immune system . These cells possess some unique features like the capability to
activate naive T cells and to cross-present exogenous antigens via MHCI to CD8* T
cells but also induction of tolerance under homeostatic conditions. In the static state
dendritic cells are termed “immature” and display high endocytic/phagocytic potential
and lack the typical dendritically shaped appearance. Upon recognition of pathogen-
associated molecular patterns (PAMPs) by PRRs like TLRs or C-type-lectin receptors
(CLRs), as wells as endogenous danger signals (DAMPS), maturation of the dendritic
cell is initiated. Resulting cellular processes comprise the upregulation of costimulatory
molecules including CD86, CD80 and CD40, the release of proinflammatory cytokines
and cytoskeletal rearrangements associated with enhanced migratory behavior towards
draining lymph nodes, and enhanced DC/T cell interaction %1%, Meanwhile, patho-
gen-derived antigens are processed and presented in a MHCII and/or MHCI context

which allows activation of antigen specific CD4* and CD8* T cells, respectively.

The essential role of DC in the induction and shaping of immune responses is utilized
in vaccination-based therapies. The aim of a vaccination is the activation of dendritic
cells followed by stimulation of effector immune cells, and ideally a long-lasting immu-
nological memory. Despite vaccination options for other diseases like virus infection or
allergy and autoimmune diseases the following sections will focus on vaccination as
immunotherapy for cancer hereinafter. The FDA defines DC vaccines as “human cell,
tissue, or cellular or tissue-based products”. This classification includes whole cell vac-
cines like autologous or allogenic cancer vaccines with TAA- pulsed dendritic cells "%
1% as wells as the possibility to vaccinate dendritic cells in situ with tumor-derived pro-
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teins, peptides or genetic material coding for these. Nanopatrticle systems are suitable
vehicles to transport vaccination components like antigen and adjuvant, needed for
proper activation, to dendritic cells. These carriers, in general, can protect the cargo
from extracellular degradation %7 and facilitate, when equipped with targeting struc-
tures, predominant internalization by dendritic cells %819, Current research focusses
on various types of nanocarriers for particle-based vaccinations although the transla-
tion into the clinic remains a challenge. In current preclinical studies, most of the nano-
particles designed for vaccination contain a (model) antigen like OVA or derived pep-
tides to evoke T cell activation in vitro and in vivo and an adjuvant adressing TLRs or
other intracellular PRRs for proper dendritic cell activation, and in some cases also a
targeting structure """, These multi-component particle systems are intended to lead
to a dendritic cell mediated T effector cell immune response against tumor cells as il-
lustrated in figure 7.
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Concept of in situ dendritic cell vaccination via nanoparticle system
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Figure 7: In situ vaccination of dendritic cells
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As the aim of this work was to evaluate the suitability of different types of functionalized
nano-carriers for vaccination with a focus on DCs. Several types of nanoparticles were
provided by the cooperation partners listed down below. They differed in several as-
pects like material, shape, size, charge, surface properties and degradability. To ad-
dress APCs we used mannose as a natural ligand for the mannose receptor CD206
expressed by DCs but also by macrophages 27!, For a DC targeted vaccination we
used aDEC205, a monoclonal antibody against murine DEC205, a receptor almost
exclusively expressed by DCs''6. To activate APCs adjuvants were either conjugated
to or incorporated into the nanocarrier depending on their structure. Therefore, we used
the CpG ODNSs as a TLR-ligand and L18-muramyldipeptide (L18-MPD) as NOD-ligand.
To study the potential of APCs to process and present nanoparticle-delivered antigen,
the OVA derived peptide sequence SIINFEKL or full OVA protein were used as model
antigen. The tables below summarize the nanoparticle formats concerning their chemi-

cal properties and biologically active components (table 2).

The nanoparticles used in this work were synthesized and characterized by the follow-
ing research laboratories:

e group of PD Dr. Matthias Barz, Department for Organic Chemistry of the Jo-
hannes-Gutenberg-University Mainz

e group of Prof. Dr. Rudolf Zentel, Department for Organic Chemistry of the Jo-
hannes-Gutenberg-University Mainz

e group of Prof. Dr. Manfred Schmidt, Department for Physical Chemistry of the
Johannes-Gutenberg-University Mainz

e Milteny biotec GmbH, Bergisch Gladbach
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Table 2: Overview of the different nanoparticle formats biologically evaluated in this

work
NP type vesicle micelle vesicle
(N-[2-hy-
poly(2,3- droxypro- poly-
dihydroxypropyl pyllmethacrylamide | sarcosine (PSar)
material i
methacrylamide) ) poly(benzyl-
glutamic
(P(DHPMA)) P(HPMA)-block-
acid) (PGlu(OBn))
P(LMA)
size (Rh) 101-137 nm 40-47 nm 39.2 nm
. RAFT- RAFT- ring-opening
synthesis o o o
polymerization polymerization polymerization,
biological compo- mannose, L18- CpG ODN 1826,
mannose’"®
nents MDP120 SIINFEKL'
90 S
NP type polymer-brush polymer-brush spherical inorganic
NP
material polylysine back- N3-poly(2-ethyl- dextran-coated iron
bone and polysar- block-2-isopropyl-2- | oxide
cosine (PSar) side | oxazoline
chains
size (Rh) 10-23 nm 26-42 nm about 100 nm
synthesis ring-opening ring-opening mixture of ferrous
polymerisation, polymerisation, chloride and ferric
“grafting from”, “grafting through” chloride with dex-
technique technique tran polymers
biological compo- | aDEC205, (OVA, aDEC205, SI- OVA, CpG ODN
nents CpG ODN 1826) in | INFEKL, CpG ODN | 1826''8
preparation 1826117
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For the purpose to vaccinate specific cell types in general, several requirements need
to be fulfilled by the nanocarrier itself. The optimal nanocarrier is supposed to be non-
toxic, inert, bio-degradable, shows neither an aggregation in the blood nor an unspecif-
ic accumulation or uptake into non-target cells which provides long blood circulation
half times. In the last twenty years, chemists have increasingly exploited various mate-
rials to meet these requirements. The materials used for the synthesis of the nanocar-
riers investigated in this work are designed to provide a so-called “stealth effect” which
inhibits interaction with biological components that ensures a long circulation time and
mainly consist of biodegradable, non-toxic materials. This stealth like effect is mainly
provided by the application of polymers consisting of different organic molecules,
namely HPMA, sarcosine and oxazoline 22725, These molecules form a hydrophilic
surface which is shown to have repelling effects towards proteins which also hinders
the aggregation in blood serum 2. As a result, their employment in nanoparticle syn-
thesis led to low unspecific binding to bone marrow derived dendritic cells (BMDCs)
and primary splenic cell populations in vitro, but also to a blood circulation half time
exceeding 24 h in mice (""*"2'? |l Kappel! et al. in preparation’). Alt-
hough inorganic materials might be more stable, organic materials seem to be advan-
tageous for targeted drug delivery because their size and surface can easily be modi-
fied. This flexibility in the design is important to adapt the nanoparticles characteristics
towards an improved binding to the target cells. Besides the type of material, also the
size and shape of nanocarriers can influence the efficiency of a cell vaccination. For
this work either spherical or ellipsoidal or rod/worm-like shaped nanoparticles were
used. We investigated the influence of differential sizes and shapes of sarcosine-based
polymer brushes on biodistribution and vaccination efficiency. We observed no effect of
the shape on the biodistribution, but an improved induction of an in vitro T cell prolifera-
tion response with the rod-like shaped peptobushes compared to the spherical pepto-
brushes. (Il Kappel et al. in preparation). According to our findings, Niikura
et al. have demonstrated that the uptake of nanorods and nanofibers is higher (amount
of internalized nanoparticle per cell) compared to spherical shaped nanoparticles of the
same size 2 which might have cause the observed difference in our studies. Never-
theless, this nanoparticle shape, as wells as solid core spherical nanoparticles, often
cannot provide sufficient cargo protection, as any kind of biological component is con-
jugated or adsorbed to the surface. In comparison, the structure of capsules such as
vesicles or micelles allows incorporation of agents preventing them from degradation or

unwanted interactions with biological components. HPMA/LMA-based micelles, used in

'in the following sections author or co-author contributions are written in bold
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this work could only incorporate hydrophobic cargo because of their hydrophobic core
120, Compared to the vesicles, either HPMA- or sarcosine-based, which build a hydro-
philic inner core and allowed to embed either hydrophilic or hydrophobic agents. Den-
dritic cells have been shown to take up nanoparticles in a size range from 2 nm up to
600 nm whereas some studies indicate that smaller nanoparticles are easier engulfed
12-132 The nanoparticles tested in this work were synthesized to display a hydrody-
namic radius between 10 nm and 140 nm for an optimal uptake by DCs or other APCs
(table 2). Furthermore, particles not larger than 25 nm allow a lymphatic transport to
the lymph node which is advantageous with regard to a vaccination of immune cells,
located there '33. Another influential factor on the uptake of nanoparticles by DCs rep-
resents their charge. Although positively charged nanoparticle are reported to show a
higher uptake by dendritic cells, this might not be worthwhile in the case of a systemic
application as cationic nanocarrier have been shown to predominantly accumulate in
the lungs, whereas DCs are mainly found in the spleen and the lymph nodes '**. Taken
together the described nanoparticles are ideal candidates for an APC focused vaccina-
tion, since they display no strong charge but long circulation times or at least low un-

specific binding in in vitro cultures.

2.5.1 Intracellular Toll-like receptors as suitable PRRs for DC activation

TLRs belong to the group of PRRs. They are transmembrane proteins and can be lo-
cated either in the cell membrane or intracellularly, for example in endosomes. There
are twelve known TLRs in mice (TLR-1 to TLR-9, TLR 11 and TLR-13) and ten in hu-
man (TLR-1 to TLR-10). Regarding their structure, extracellularly and intracellularly
located TLRs are very similar. The domain outside the cell or outside an endosome
towards the cytosol, in case of intracellular TLRs, is rich in leucines and mediates the
binding to the recognition sites. Each class of TLRs is specialized in the detection of
certain PAMPs. TLR-4, as an example of an extracellular TLR-receptor, recognizes
lipopolysaccharides found in the cell wall of gram-negative bacteria, whereas TLR-9,
an intracellularly located receptor, recognizes unmethylated DNA 3513 QOne can dif-
ferentiate between a Myeloid differentiation primary response 88 (MyD88)-dependent
TLR signaling pathway used by almost all TLRs and a Toll/IL-1-receptor (TIR)-domain-
containing adapter-inducing interferon- (TRIF)-dependent signaling pathway. The cy-
toplasmic domain is called Toll/IL-1-receptor (TIR)-domain and is associated with the
protein MyD88. After binding of PAMPs to a TLR, the associated MyD88 recruits IL-1
receptor-associated kinase-4 (IRAK-4) and further enables activation of several other

kinases leading to the activation of the transcription factor NFkB, and thereby to the
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expression of certain inflammatory cytokines '¥. In the TRIF-dependent pathway, TRIF
and TNF receptor-associated factor 3 (TRAF3) are involved in signal transduction lead-
ing to the expression of interferon-B due to interferon regulation factors (IRF) transcrip-
tion factors '*8. The possibility to modulate the immune system with TLR ligands seems
obvious considering their task to trigger inflammation. In terms of dendritic cell vaccina-
tion many different TLR ligands can be used for stimulation of the cells in combination
with an antigen. Very common ones are CpG-ODNs which are single strand DNA mol-
ecules containing repeating motifs of unmethylated cytosine and guanine. The back-
bone is at least partially phosphorothioated to prevent fast degradation by DNases. By
binding TLR-9 of dendritic cells CpG-ODNs exert potent stimulation capacity by induc-
ing NFkB signaling as shown in figure 8 '%. Proper dendritic cell stimulation is followed
by pro-inflammatory cytokine release (IL-1p, IL-6 and others) and upregulation of cost-
imulatory molecules %' In combination with presentation of antigen in an
MHCI/MHCII context, the dendritic cell can then activate naive T cells. NLRs are intra-
cellular receptors playing, like TLRs, an important role in the pathogen recognition,
predominantly microbial molecules, but are also able to detect tissue damage as a
“‘danger signal”. In humans, there are 22 known NLRs, mainly expressed by various
immune cells. The best studied, NOD1 and NOD2 receptor, also activate NFkB and
mitogen-activated protein kinase (MAPK) with the result of an increased expression of
inflammation associated components like inflammation relevant cytokines or adhesive
molecules to ensure proper migration of immune cells. Due to their high dendritic cell
activation potency NOD-like receptors are increasingly employed for dendritic cell vac-
cination via nanoparticles. For this purpose various ligand types can be attached to or

incorporated into the nanoparticles 42143,
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Nature Reviews | Immunology

Figure 8: TLR9 signalling after CpG ODN binding
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The described receptors can be addressed for an activation of dendritic cells, which is
an important step regarding vaccination, as this allows proper T cell priming and activa-
tion if the application is combined with an antigen. For the studies discussed in this
work, CpG ODNs (TLR9 ligand) or L18-MDP (bacterial peptidoglycan motif, NOD2 lig-
and) were either covalently conjugated to the nanoparticles (upper panel of table 2) or
incorporated into micelles or vesicles (lower panel of table 2). As a model antigen ei-
ther OVA protein from the chicken egg or the OVA peptide SIINFEKL was used (table
2). Afterwards, DC activation was assessed by detection of surfacemarker expression
by flow cytometry and cytokine measurements. The incorporation of the two stimulating
agents led to an activation of murine BMDCs as indicated by an upregulation of the
activation-associated surface markers CD86, CD80 and MHCII ' and in the case of
sarcosine-based vesicles also to an increased release of TNFa 138, BMDCs in vitro pre-
incubated with the peptide sequence SIINFEKL conjugated to oxazoline-based polymer
brush were washed and cocultured with T cells. After stimulation with soluble lipopoly-
saccharides the dendritic cells induced a proliferation of cytotoxic T cell due to a suc-
cessful uptake of the polymer brushes and presentation of SIINFEKL in an MHC con-
text 9. T cell proliferation was also inducted by BMDCs pretreated with sarcosine-
based vesicles containing CpG ODNs and SIINFEKL and sarcosine-based polymer
brushes conjugated with OVA and CpG ODNs (", |l Kappel et al. in prep-
aration). The latter could even prevent tumor growth in mice in a protective vaccination
setting (I Kappe! et al. in preparation). CpG ODNs are often used as an
adjuvant for vaccination strategies against tumor and infectious diseases, as well as
allergies #4147 By contrast, there are only few studies describing L18-MDP as an ad-
juvant for immunotherapeutic approaches. Nevertheless, we could observe that CpG
ODNs conjugated to inert polymer brushes interfered with the targeting of lymphoid
organs as they caused an accumulation in the liver (data not shown). This might be
mediated by scavenger receptors as it is known that these bind negatively charged
serum components and are expressed by a variety of liver cells %-'0, This CpG oligo
mediated liver accumulation might have been prevented by incorporation of the adju-
vant into micelles or vesicular nanocarriers which release their cargo upon a stimuli
inside the cell like we could show with DHPMA-based vesicles ''°. Further, it remains to
be investigated by comparative studies which TLR ligands or NOD ligands are best
suited for the in situ activation of distinct APC populations and a specific nanoparticle
type. Conjugation and embedding possibilities may vary within different nanoparticle
types as well as the adjuvants’ influence on their biodistribution or their activation effi-
ciency. There is evidence that combinations of two or more TLR and NOD ligands ad-
dressing distinct receptors could confer a higher activation state of DC than when ap-
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plied separately. It has also been reported that different types of adjuvants lead to dif-
ferential T cell responses '*'. Solid ferrous nanoparticles conjugated with OVA antigen
and CpG ODN 1826, published by Shen, Kappel et al., showed a B cell mediated T
cell activation of a Tu1 type immune response, resulting in a production of OVA-specific
lgG2a antibodies instead of allergy associated IgE production and Tu2 type immune
response. Further, this could prevent an anaphylactic shock and asthma in the setting
of a therapeutic vaccination 2. In summary, it depends on the type of nanoparticle and
the desired T cell response which adjuvant yields the optimal activation of DCs or other
APCs.

2.5.2 C-type lectin receptors as targeting structures

CLRs belong to the group of PRRs and constitute a large family of transmembrane
proteins with the capability to bind various carbohydrate moieties in a calcium-
dependent manner %3, CLRs are expressed by many cell types including several im-
mune cells. One can distinguish between two groups, type | and type Il CRLs. Recep-
tors belonging to the type Il cluster, like Dectin-1 or DC-SIGN (dendritic cell-specific
ICAM-grabbing non-integrin) consist of a single carbohydrate recognition domain
(CRD), while type | CLRs possess multiple CRDs (figure 9) '54. Because of their poten-
tial to recognize and bind carbohydrates on the surfaces of pathogens they constitute a
crucial participant in the innate and adaptive immune system.
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Figure 9: Schematic construction of different C-type lectin receptors
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In the mentioned concept of in situ DC vaccination the targeting structure can also be
passed on, taking advantage of the high endocytic/phagocytic potential of dendritic
cells. With regard to active targeting, most targeting units used are dendritic cell recep-
tor ligands '%5'% or antibody formats like monoclonal native antibodies '57:'%8, fragment
antigen binding (Fab)-fragments '° or single chain variable fragments (scFv)-
antibodies '® binding dendritic cell-specific or dendritic cell-associated receptors. A
consideration for choosing an appropriate targeting option might be the proposed ad-
ministration route. By subcutaneous or intradermal application, it is possible to reach
migratory dermal dendritic cells, whereas an intravenous injection is supposed to result
in a vaccination of dendritic cells primarily in the secondary lymphoid organs. Another
important aspect is the fact that some dendritic cell populations are more qualified for a
vaccination like CD8a* dendritic cells in mice or their analogue in humans CD141+
dendritic cells. This subset, often termed as lymphoid dendritic cells, belongs to the
group of cDC1 (conventional dendritic cells class I). Unlike CD8a  dendritic cells,
CD8a* dendritic cells are capable of a process called “cross-presentation” which de-
scribes the ability to present exogenous antigens complexed with MHCI to cytotoxic
CD8* T cell and thereby activating these '¢'. These so-called cytotoxic T lymphocytes
(CTL) Kill (virus-) infected cells or tumor cells. Many surface receptors are co-
expressed with CD8a like several members of the C-type lectin receptor family, ex-
plained in the next sections, which therefore constitute suitable targeting structures
addressed by natural ligands like carbohydrate moieties or monoclonal antibodies. Ad-
ditionally, many C-type lectin receptors are involved in antigen uptake what makes
them even more suitable as vaccination candidates 2. This fact and their unique prop-
erty of cross-presentation make CD8a* dendritic cells a popular target for nanoparticle-

based vaccination.

2.5.2.1 DEC205 receptor

As CD8a expression is associated with the potential of cross-presentation, the co-
expressed receptor DEC205 often serves as target for dendritic cell specific antigen
delivery '44163-165 The multi-lectin receptor DEC205 (CD205), also known as LY75,
belongs to the type 1 C-type lectin receptors and its name refers to the weight of 205
kDa. In humans, high expression of DEC205 can be found on monocytes and myeloid
dendritic cells (mDCs). It is also expressed moderately on B cells and very low on
plasmacytoid dendritic cell (pDCs), natural killer cells, T cells and macrophages .
Murine DEC205 is primarily expressed by dendritic cells including CD8* dendritic cells,
dermal dendritic cells and Langerhans cells, but also on endothelial thymocytes 112167,
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Besides, an upregulation of DEC205 expression during DC maturation could be ob-
served '%. The receptor consists of an extracellular part, an intracellular part and a
transmembrane domain. The extracellular domain comprises of a cysteine-rich part
(CR), a fibronectin type Il domain and 10 carbohydrate recognition-like units and the
cytoplasmic part of the receptor contains an acidic triad. The coding Ly75 gene is lo-
cated on chromosome 2 in both human and mouse. Besides recognition of carbohy-
drate units, detection of necrotic or apoptotic cells has also been reported as a task of
DEC205 '%°. The receptor also participates in antigen processing and is recyclable
116,170 Binding of external ligands leads to rapid internalization of receptor and ligand
followed by degradation of the complexes in late endosomes '7°. DEC205-mediated
uptake of exogenous antigen allows presentation by MHCI (cross-presentation) and
MHCII, and thereby enables CD4* and CD8* T cell activation. Another interesting as-
pect concerning vaccination is the co-expression of CD8a with DEC205. Consequently
antibody driven targeting of DEC205* cells is popular for efficient cross-presentation of

antigen 164171,

To vaccinate specific APC populations active targeting with receptor ligands has be-
come a promising tool. This work confirms the efficiency of DEC205 receptor focused
dendritic cell targeting as in vitro experiments with BMDCs and primary mouse spleen
cells revealed that oxazoline-based polymer brushes conjugated with a monoclonal
antibody specific for this receptor specifically bind DEC205 positive DCs whilst binding
to DEC205 negative DCs or non-DCs could not be observed '?’. Furthermore, ex vivo
analyses showed that aDEC205 antibody-conjugated sarcosine-based polymer brush-
es bind CD8a* splenic DCs at significantly higher extent compared to their CD8a" coun-
terpart after intravenous application (Kappel et al. in preparation). Besides other con-
cepts of targeting individual DC populations with nanoparticles, such as size conducted
or natural ligands like carbohydrates 72173 the concept of exploiting antibody formats
for specific binding of distinct receptors expressed by the targeted DC subpopulation
has been increasingly investigated in the last years '74-76. Compared to other targeting
approaches this method is more specific and thereby minimizes a binding or uptake by
other cells. Already in 2004, Steinman and coworkers reported a higher T cell immunity
and even the induction of effector memory cells after application of aDEC205-OVA
conjugates together with aCD40 as an adjuvant 7. In this study, antigen and adjuvant
were applied separately which bears the risk to induce tolerance mechanisms or auto-
immunity. Tolerance may be initiated by APCs which engulfed antigen alone and
thereby miss an activating adjuvant, whereas autoimmunity may be caused by the
stimulating effect of the adjuvants in the absence of exogenous antigen due to the
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presentation of endogenous antigens in a stimulatory context. The nanocarriers de-
scribed in the studies of this work, combine both components and ensure a specific
immunity against the co-delivered antigen and in addition may increase binding to the
target cell due to the presence of several targeting ligands leading to a higher binding
avidity. The attachment of more than one of each biological active molecule to these
nanocarriers ensured also a delivery of larger quantities compared to the application of

a conjugate without nanoparticular platform.

The capacity of DEC205* DC to cross-present antigen to CTLs has proved to be ad-
vantageous for vaccination strategies since CTLs are able to efficiently destroy infected
or cancerous cells 75178179 However, in human the expression of DEC205 is less re-
stricted which might be a challenge for the translation to human therapeutic applica-
tions 8. Besides antibodies targeting the murine DEC205 receptor, there are many
other receptors which are exploited for DC targeting. In a comparative study by Cruz et
al. CD40-, DEC205- and CD11c addressing nanoparticles were tested with regard to
their dendritic cell targeting efficiency, but also concerning their capacity to prime cyto-
toxic T cells '8 The nanoparticles conjugated with aCD40 as the targeting ligand
showed a higher uptake capacity in DCs, but these were not superior concerning the
priming of cytotoxic T cells. Alternative receptors highly coexpressed with CD8a in hu-
man and murine DCs are Clec9a (C-Type lectin domain containing 9A) or XCR1 (X-C
motif chemokine receptor 1) '8-82_ Kronin et al. could prove the existence of a large
CD8a’*" DEC205"9" DC population in murine lymph nodes '8, The expression of XCR1
might be more restricted to CD8a, as XCR1 has been shown to be expressed by 70-90
% of CD8* DCs ', Yet, Kronin and coworkers also demonstrated that CD8a'*¥
DEC205"s" DCs are functionally equal to splenic CD8aMe" DEC205M9" '8, In addition
XCR1 is conserved in human and mice which might facilitate the translation of research
results and therapeutic approaches ' and it has been recently shown that Clec9a and
XCR1 are also involved in antigen uptake and presentation 78186 With this knowledge
Clec9a and XCR1 represent appropriate targeting alternatives to DEC205. Neverthe-
less, the functions of DEC205 in antigen uptake, processing and presentation have
been studied in more detail and high-quality monoclonal antibodies are more afforda-
ble, which needs to be adapted for XCR1 and Clec9a. Taken together, prior to choos-
ing a targeting ligand for vaccination of DCs, or APCs in general, it is crucial for the
targeting efficiency to consider several aspects. First, the targeted receptor needs to be
displayed by the target cell population, at sufficient extent for a nanocarrier to bind
these. Simultaneously, this structure should not, or only slightly be expressed by other
cells. Especially the expression of the targeted receptor by other cells within other or-
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gans than the target organ can be challenging as these could trap particles at other
sites as intended. As the aim in vaccination is mainly to achieve an uptake of antigen
and adjuvant by APCs, the addressing receptor is preferably exclusively located in the
secondary lymphoid organs. Further, the ligand should bind specifically to its supposed
target and its density over the nanoparticles’ surface must be high enough to ensure
proper binding and uptake but low enough to prevent a total masking of the stealth
property providing molecules and an over-crowding effect. Over-crowding can occur if
a point of ligand (mostly antibodies) density is exceeded which can force the ligands to
arrange in an advantageous way (Alkliany et al. in preparation). This might represent a
challenge depending on the type of ligand or conjugation strategy.

2.5.2.2 CD206 receptor

The mannose receptor, also called CD206, represents another common target for vac-
cination '8 |ike DEC205, this receptor also belongs to the group of type | C-type
lectin receptors. There are similarities to DEC205 regarding the structure, but also the
binding specificity and the recyclability. With 175 kDa CD206 is just slightly lighter than
DEC205 '3, Mannose receptor C-Type 1 (MRC1) is the CD206-encoding gene and is
conserved in mammals, but also fish or amphibia indicating its crucial tasks. This re-
ceptor can interact with glycoproteins and glycolipids found on microbes and viruses.
Carbohydrate moieties like mannose, glucose and fucose lead to a binding by CD206.
Mostly immune cells were shown to express this receptor, like macrophages in various
tissues 4115190 gnd immature dendritic cells "% put it is also found in the hepatic
endothelium ' and lymphatic endothelial cells '**. The CRDs allow detection of patho-
gens, leading to their engulfment and subsequent processing and presentation of de-
rived antigens. Additionally, they play an important role in clearing the body from glyco-
proteins like hormones % or glycoproteins associated with inflammation like myelop-
eroxidase, which is necessary to prevent tissue damage 6. To exploit CD206 for den-
dritic cell targeting, several carbohydrates can be conjugated to nanocarriers, the most

notably is mannose, which was also one method of this work.

HPMA-based micelles and DHPMA-based vesicles were conjugated with differential
amounts of mannose and both yielded a targeting effect in vitro as demonstrated by an
increased binding of mannosylated nanoparticles compared to their non-functionalized
counterpart to BMDCs and a preferential uptake by CD206* DCs %120, DHPMA vesi-
cles with a mannosylation degree of 4.3 % showed a more effective binding to BMDCs
than those with 2.2 % mannosylation degree which supports the idea of a higher bind-
ing avidity by augmenting the ligand density. Mannose is a very often used targeting
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moiety for addressing APC. Predominantly, dendritic cells and macrophages are ad-
dressed by this approach, due to their expression of CD206. Within the C type lectin
family several other receptors, beside CD206 recognize and bind mannose. Most of
them are cell surface receptors, DC-SIGN expressed by dendritic cells or the macro-
phage-inducible C type lectin (Mincle), mainly expressed by macrophages %1%, Yet,
also a soluble receptor, the mannose-binding lectin (MBL) can detect mannose-
containing structures. For the latter, we could also show an indirect involvement on the
in vivo biodistribution of nanoparticles. Dextran-coated ferrous nanoparticles triggered
the lectin-induced complement cascade upon recognition by MBL and thereby led to an
integration of MBL-associated proteases in the corona coating the nanoparticles’ sur-
face ''8. As these enzyme activate C3 convertase, a component of the complement
cascade, this factor adsorbed to the surface of the nanocarrier leading to an unintend-
ed B cell targeting in the spleen mediated by the complement receptors 1 and 2. Many
nanoparticles form such a protein corona after contact with blood serum which is one
reason for the differences between in vitro and in vivo behavior. The influence of the
protein corona on different aspects gets increasingly important. Most of the work has
investigated the challenges these alterations of the surface can cause, like altered bio-
distribution or cell uptake, as well as sterically hindrance or “masking” of targeting units
199-203  Qur approach using the in vivo formed protein corona to target B cells consti-
tutes an innovative way to exploit this often-unpreventable adsorption of serum pro-

teins.

Compared to antibodies, mannose or other sugar moieties are a low-cost component.
Further, these carbohydrates are easy to conjugate to nanoparticles in high amounts
because of their small size. In addition, their structure is less prone to alterations in-
duced by the conjugation to nanoparticles, whereas the more complex antibodies can
lose their binding capacity during this process. The stability of mannose is also higher
in comparison to antibodies which can be degraded by proteases. Nevertheless, the
binding affinity of sugar moieties to C type lectin receptors is often lower compared to
the binding of monoclonal antibodies 2%¢. Given that synthetic mannose structures, like
tri-mannose have been designed, which combines three mannose units in one mole-
cule 2%, These new structures but also increased amounts of mono-mannose lead to a
higher binding avidity. As the monosaccharides are much smaller than antibodies the
lower binding affinity might be easily compensable by increasing the ligand density per
nanoparticle. The broader range of mannose binding receptors and their expression by
several cell types can be challenging if exclusive targeting of one specific cell type is
the primary aim. In this case, the characteristics of the nanoparticle itself can be cho-
sen in a way that these are preferably engulfed by the targeted cell population. Howev-
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er, the circumstance of reaching more than one cell type population also offers the

chance to manipulate the immune response on various sites.

2.6 Influence of the liver on the biodistribution of nanoparticles

The use of nanopatrticles for in situ dendritic cell vaccination still must overcome sever-
al challenges. Two main aspects need to be considered in the context of nanoparticle
design. First, the carrier needs to be targeted towards the cells of interest. Afterwards,
proper cell activation and antigen processing are necessary, followed by presentation
to T cells. Especially if intravenous application is required or desired this factor can be
critical because this implies the chance of accumulation in any organ throughout the
body. The biodistribution of nanoparticles after intravenous administration depends on
many factors. In general, particles often accumulate in blood-filtrating organs like kid-
ney, spleen or liver which contain highly phagocytotic cells of the reticuloendothelial
system (RES). The size and surface properties of nanocarriers influence the circulation
time and the excretion pathway 2%. For particles smaller than 10 nm a renal excretion
was reported 2%, whereas larger particles (2100 nm ) predominantly end up in the
spleen or the liver 28, Regarding uptake dependent on the size of the particles, there is
a clear division of responsibility within the liver. Kupffer cells clear the blood from parti-
cles 2200 nm, whereas LSECs phagocyte smaller particles 2%°. The surface charge of
nanoparticles has also an influence on biodistribution. Negatively charged or neutral
particles show longer blood circulation, whereas positively charged nanopatrticles tend
to accumulate in the lungs, spleen and liver 2'°. Particularly the liver with its unique
blood circulation and filtration properties can be difficult to evade. The temporary re-
duced speed of the blood flow in the sinusoids, its lobular composition and the pres-
ence of specialized phagocytotic cells like Kupffer cells and liver sinusoidal endothelial
cells (LSECs) can contribute to trapping of nanomaterial leaving no chance for the tar-
get cells to take them up. Many studies about various nanoparticle systems have re-
ported about liver accumulation 2''-2'4, Diminishing this effect by choosing the proper
size, charge and shape can contribute to reduce unspecific accumulation of nanoparti-
cles. To reach their intended target cells, nanoparticles should provide a so-called
stealth effect which means that interaction with biological compounds like serum com-
ponents or cells is largely prevented. Molecules that provide this property are e.g. poly-
ethylenglycol (PEG), poly(2-ethyl-2-oxazoline) or polysarcosine. But despite great ef-
forts, many nanoparticle systems still accumulate in the liver, although their target cells
are located in the spleen or lymph node. In many cases directing of carrier systems to
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specific cells involves targeting units. Unfortunately, these targeting structures like car-
bohydrates or antibodies can alter the nanoparticle’s surface leading to a decrease of
the stealth effect due to a ligand overcrowding or by forming a protein corona for ex-
ample 2'5. Besides that, popular targeting structures can lead to an active liver targeting
as some receptors expressed by dendritic cells and macrophages are also expressed

by liver immune cells 31216-218,

As mentioned in the section above, it is a common problem that nanoparticles accumu-
late in the liver. In our experiments an inert sarcosine-based polymer brush was used
as an optimal candidate for a comparative study about the correlation between the an-
tibody density on nanoparticles and their biodistribution. This polymer brush showed a
blood circulation half time over 24 h and was successfully conjugated with differential
amounts of aDEC205 antibodies. The biodistribution after intravenous injection was
investigated on organ level by in vivo and ex vivo imaging, as well as on cellular level
for liver, spleen, and lymph nodes using flow cytometry. These experiments revealed a
positive correlation between antibody amount per peptobrush and liver accumulation
due to Fc receptor-mediated binding and uptake by liver endothelial cells (Kappel et al.
manuscript in preparation). For the targeting of leucocytes in secondary lymphoid
organs this insight indicates a superiority of lower antibody quantities on the nanocarri-
er. To our knowledge this study fills a gap of knowledge in the field of active targeting
of nanoparticles. Certainly, these findings must not be true for any targeting approach
but in the case of a non-site directed conjugation when the antibodies are attached to
the nanocarrier at random sites this should be considered as the antibody’s Fc portion
might bind to Fc receptors, expressed by many cell types. Considering other methods
of targeting like natural ligands, antibody formats like Fab fragments or scFv and a site
directed attachment, more ligands per nanoparticle might provide better targeting ef-
fects as more ligands increase the avidity of the cell binding. Yet, in some circumstanc-
es increasing amounts of the targeting ligand can cause unpredictable alterations of
the nanoparticles’ biodistribution, cell uptake and toxicity 2'°22'. The so called “surface
crowding effect” describes an unfavorable arrangement of antibodies on a surface due
to the high packed density, which leads to steric hindrance limiting the accessibility of
the Fab regions (JJlll ¢t a/. in preparation). At the same time, a higher density of
antibodies on a surface can force them to acquire a position that ensures easy availa-
bility of the Fab parts. The balancing act to find the best working ligand density on a
targeted nanopatrticle requires careful investigations which seem to have been neglect-
ed in the past. Aside from that, antibodies are expensive and a determination of the
minimally needed antibody amount to reach a maximal targeting effect can contribute
to a cost reduction of the nanoparticle synthesis. The literature confirms that in many
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cases the correlation between the ligand density on the nanoparticles and their target-
ing or binding efficiency exhibits an “optimal ligand density with a plateau” (- et
al. in preparation). This indicates that a saturation can exist and that there is no need to
further increase the ligand amount beyond this point.

As previously described, in contrast to the secondary lymphoid organs, the liver pre-
dominantly mediates immune tolerance. Beside the livers’ influence on the biodistribu-
tion as a sort of a trap for nanomaterial this also means that vaccination-induced adap-
tive immune responses might be weakened by unconventional APCs like LSECs or
Kupffer cells, for example. In vitro binding studies of this work could also show a specif-
ic binding of polymer brush-antibody conjugates to liver DCs, indicating an expression
of DEC205 by liver-resident DCs which is also supported by some publications 222223,
But even an nanoparticle uptake by liver DCs does not necessarily implicate the induc-
tion of an immune response, as liver DCs are mostly immature and secrete higher
amounts of immune suppressive IL-10 but lower levels of IL-12 than DCs of the lym-
phoid organs 2%, The knowledge that the tolerance is not only restricted to the liver, but
systemic 225226 the unintended vaccination of certain liver immune cells could result in
unwanted tolerance induction in the case of cancerous and infectious diseases. Con-
sidering that the frequency of DCs within the liver is lower than in the lymphoid organs,
their uptake of nanoparticles may have minor effects. Especially with other highly
phagocytotic cells as competitors like LSECs or Kupffer cells, which, in our work, were
positive for nanopatrticle to a much higher extent than liver DCs (Kappel et al. in prep-
aration). Given that, the liver as a nanomaterial accumulating organ cannot be by-
passed upon systemic application, it is also relevant that it might be possible to induce
an immune response by targeting unconventional liver APCs. It is described that Kup-
ffer cells and LSECs respond to the stimulation of various TLRs by secretion of cyto-
kines associated with immune activation although their upregulation of co-stimulatory
surface markers is often absent or only minor 2%, As these experiments were limited to
in vitro studies, it further remains to confirm these results in vivo. One could assume
that compared to conventional APCs higher amounts of stimulating adjuvants are re-
quired or/and simultaneous targeting of more than one cell population is necessary to

induce an immune response in the tolerogenic liver environment.

To avoid the Fc receptor mediated uptake of antibody-conjugated nanocarriers, the use
of Fab or scFv fragment might be an alternative and a step in the right direction. Site-
directed attachment of full antibodies might work in theory?2¢22° put is not that simple to
employ on a broad variety of nanoparticular formats and especially hard to prove by

chemical characterization. It remains to be investigated if mannose-conjugated nano-
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particles could be superior in avoiding Fc receptor mediated uptake by LSECs. Since
characterization studies of LSECs revealed the expression of mannose binding CD206
and L-SIGN 29-232_ this approach could cause a liver accumulation as well. Biodistribu-
tion studies of the mannose conjugated nanoparticles presented in this work are miss-
ing and it needs to be investigated if the liver trapping does occur in this case too. The
same applies to antibody fragments. Still, the influence of differential ligand amounts
should be considered and tested additionally as this parameter might not only play a
role in case of full antibody ligands.
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3. OUTLOOK

The development of novel tumor therapies is urgently required as indicated by a rise of
new cases and the development of resistances of tumors towards conventional thera-
pies. The results described in this thesis highlight the possibilities of immunomodulating
nanoparticles for the treatment of cancer and other immune diseases. This work
demonstrated successful targeting of nano-vaccines to important immune cells (DCs
and B cells) in vitro and in vivo. In addition, codelivery of antigen and adjuvant not only
activated these cells, but also allowed the presentation of the antigen followed by the
differentiation of effector T cells (''*'21127, Kappel et al. in preparation, ||| |l
Kappel et al. in preparation). Furthermore, in vivo experiments demonstrated the po-
tential of these nano-vaccines for the treatment of tumor and allergy disease in a ther-

apeutic setting ([l Kappe! et al. in preparation, '%2).

Still, some challenges remain, and further research needs to address these topics. Alt-
hough aDEC205 antibody as a targeting ligand for cross-presenting DCs might be a
promising tool for mouse, it cannot be translated directly to the human system since the
expression of human DEC205 is less restricted to dendritic cells compared to its ex-
pression in the mouse. Recent detailed studies also revealed that the expression of
DEC205 is not highly restricted to cross-presenting DCs. It remains to be evaluated by
comparative experiments which receptor might represent a suitable alternative
DEC205. In general, conjugation of an antibody to a nanoparticle in a site-directed
manner may prevent liver accumulation due to binding of the Fc part of the antibody.
Future studies are also necessary to improve the APC/DC activation efficiency of the
nanocarriers. Unfortunately, in this work attempts to activate DCs in vivo with oxazo-
line-based polymer-brush conjugated CpG ODNSs failed (data not shown). This might
be caused by the adsorption of serum factors to the negatively charged CpG ODNs
decreasing their stimulatory capacity or an increased liver accumulation due to Fc re-
ceptor mediated uptake into LSECs. Scavenger receptors found on LSECs could also
bind CpG ODNSs and initiate a premature engulfment which might hinder the accumula-
tion of higher amounts in the secondary lymphoid organs. For types of nanoparticles
not allowing incorporation of agents, alternatives need to be tested or CpG ODNs have
to be disguised to prevent undesired binding. To increase the stimulatory capacity of
nano-vaccines, several TLR- and NOD-ligands will also be co-delivered by one nano-
particle, which allows additive activation effects, already demonstrated by our group®?.
The use of specific tumor antigens, such as melanoma antigen recognized by T cells 1
(MART1) 24 or Tyrosinase-related Protein 2 (TRP-2)2% is also planned.

35



OUTLOOK

Most importantly, the types of nanoparticles successfully tested in in vitro experiments
should be used for in vivo testing, especially regarding therapeutic tumor mouse mod-
els to further investigate their potential to be applied in the clinic.
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Selective Uptake of Cylindrical Poly(2-Oxazoline) Brush-
AntiDEC205 Antibody-OVA Antigen Conjugates into DEC-Positive
Dendritic Cells and Subsequent T-Cell Activation

Jasmin Biihler,”® Sabine Gietzen,™ Anika Reuter,™ Cinja Kappel,” Karl Fischer,”
Sandra Decker,” David Schiffel,! Kaloian Koynov,'” Matthias Bros,*™ Ingrid Tubbe,™
Stephan Grabbe,*'“® and Manfred Schmidt*

Abstract: To achieve specific cell targeting by various re-
ceptors for oligosaccharides or antibodies, a carrier must
not be taken up by any of the very many different cells
and needs functional groups prone to clean conjugation
chemistry to derive well-defined structures with a high
biological specificity. A polymeric nanocarrier is presented
that consists of a cylindrical brush polymer with poly-2-ox-
azoline side chains carrying an azide functional group on
each of the many side chain ends. After click conjugation
of dye and an anti-DEC205 antibody to the periphery of
the cylindrical brush polymer, antibody-mediated specific
binding and uptake into DEC205 *-positive mouse bone
marrow-derived dendritic cells (BMDC) was observed,
whereas binding and uptake by DEC205~ negative BMDC
and non-DC was essentially absent. Additional conjuga-
tion of an antigen peptide yielded a multifunctional poly-
mer structure with a much stronger antigen-specific T-cell
stimulatory capacity of pretreated BMDC than application
of antigen or polymer-antigen conjugate.

- J

The ideal nanocarrier for biomedical applications is not cyto-
toxic, has a size between 10 and 100 nm, and does not form
aggregates in blood serum that are due to strong interactions
with the numerous proteins and enzymes present in the com-
plex biological fluids." Poly(2-oxazoline)s are excellent candi-
dates for this purpose,” because they are known for their low
cytotoxicity,” biocompatibility™* stealth behavior,®” and low
protein adsorption from human blood.®

Cylindrical polymer brushes have become increasingly popu-
lar because of their anisotropic character and the recent results
on shape dependent endocytosis.”'? Furthermore, polymeric
brushes may offer a multiplicity of functional groups which
are advantageous for conjugation of biologically active
compounds.

Several publications report cylindrical brushes with poly(2-
oxazoline) side chains prepared by “grafting from”'*' and
“grafting through”™~'” techniques. Recently our group pub-
lished the synthesis of cylindrical brushes with poly(2-isopro-
pyl-2-oxazoline) side chains by grafting through with unprece-
dented high main chain degrees of polymerization."® All of
the cylindrical brushes with poly(2-oxazoline) side chains re-
ported to date do not contain functional groups for further
conjugation experiments except for one work in which
functionalized polymers were prepared though with a main-
chain degree of polymerization as low as only 13."" However,
azide functionalized linear poly(2-oxazoline)s have been
described.?*-24

To assess the suitability of the cylindrical brushes described
herein to serve as nanocarriers for immuno-therapeutic ap-
proaches, their binding and uptake by DC was analyzed, be-
cause DC represent an important immune cell population. In
their activated state, DC constitute the most potent antigen-
presenting cells of the immune system that are solely able to
initiate primary immune responses.” Of the several DC subpo-
pulations known, CD8" DC that co-express the C-type lectin
receptor DEC205 bear the highest potential to activate cyto-
toxic T lymphocytes.”® Conjugation of anti-DEC205 with anti-
gen and adjuvant resulted in partial loss of targeting activity,*”
whereas conjugation of an antigen only was shown to main-
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tain DEC205 receptor mediated binding and uptake of antigen
by this DC subpopulation.?®??

Polymer-antibody rather than polymer-antibody fragment
conjugates are less frequently reported.*3? Antithymocyte
globuline,®¥ polyclonal human immunoglobulin, and monoclo-
nal anti-RAGE antibody® were successfully conjugated to
linear flexible hydroxypropylmethacrylate (HPMA) chains with
no or little loss of antibody activity. Also polymeric capsules of
a few um in size were decorated by a few hundred thousand
humanized A33 monoclonal antibodies were reported to selec-
tively address human colorectal cancer cells.?>3

Herein, the binding and uptake properties of bare cylindrical
brushes were investigated in comparison to cylindrical brushes
conjugated with a DEC205-specific antibody, when co-incubat-
ed with DC.

The synthesis is summarized in Scheme 1. The synthesis of
the azide-functionalized poly(2-oxazoline) macromonomers
was performed similar to the poly(2-isopropyl-2-oxazoline)
macromonomer synthesis published recently!™ and is de-
scribed in some detail in the Supporting Information. Three dif-
ferent azide-functionalized macromonomers were synthesized
and characterized by NMR and IR spectroscopy, GPC, and
MALDI-TOF spectrometry (Supporting Information, Figures S1-
S11). The results are summarized in Table 1.

Table 1 reveals the molar masses determined by MALDI-TOF
and NMR to be similar. The ratio of the 2-ethyl-2-oxazoline
block to 2-isopropyl-2-oxazoline block of the N;-poly(2-ethyl-2-
isopropyl-2-oxazoline) macromonomer was determined by
'HNMR to be 60% to 40%. MALDI-TOF was not measured for
the block co-macromonomer as there would be different distri-

0
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Table 1. Characterization of the macromonomers.

N,-PiPrOx ~ Ny-PEtOx  N;-PEtOx-b-PiPrOx
M, /M, (MALDI/GPC) 1.12/1.13 1.20/1.16 -/1.1
M, (MALDI) [gmol™] 4707 3623 -
M, (GPC) [gmol ] 14800 13400 18900*
M, ("H NMR) [gmol '] 4946 3694 5869
M,, (MALDI) [gmol™] 5292 4330 -
P, 40 33 61
[a] GPC with PMMA calibration yields values that are too large.

butions owing to the different block lengths. For further dis-
cussion we will use the 'H NMR-determined molar masses.

All the three azide-functionalized macromonomers were
polymerized in highly concentrated aqueous solutions at 62 °C.
The IR spectra of all azide end-functionalized brushes show the
characteristic band at 2100 cm™" (Supporting Information, Fig-
ure S12). After reduction with tris(2-carboxyethyl)phosphine,
the azide bands disappeared (Supporting Information, Fig-
ure S13).

Polymerization of block co-macromonomers leads to core-
shell cylindrical brushes;®” that is, polymerization of N;-poly(2-
ethyl-2-isopropyl-2-oxazoline) macromonomers yields a core-
shell structure with a core consisting of slightly hydrophobic
poly(2-isopropyl-oxazoline) chains and a corona of hydrophilic
poly(2-ethyl-oxazoline) chains. Representative DLS and SLS
measurements of the cylindrical brushes with N;-poly(2-ethyl-
2-isopropyl-2-oxazoline) side chains are shown in Figure 1 (for
Zimm plots of the other cylindrical bushes, see the Supporting

JOI\)< / \)]\k
/(,HC
b

R (¢]

_
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_ 0 —
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Scheme 1. Synthesis of azide-functionalized poly(2-oxazoline)s.
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Figure 1. a) Zimm plot and b) reciprocal hydrodynamic radius of the azide
end-functionalized cylindrical core-shell brush N;-poly(2-ethyl-block-2-iso-
propyl-2-oxazoline) in methanol with 5 mm added LiBr at 20°C.

Table 2. Light scattering characterization including the degree of poly-
merization P, of the azide end-functionalized brush polymers with
poly(2-oxazoline) side chains.

R, R, p=R/ M,(LS) dn/dc P, MM,

[nm] [nm] R, [gmol™]  [em®g™'] (LS) (GPC)
N;-PiPrOx-brush 37.4 26 1.44 1.3-10° 0.163 254 22
N;-PEtOx-brush 323 21 1.54 6.2:10° 0.177 167 1.7
N;-PEtOx-b- 60.5 42 1.44 3.2:10° 0.177 547 2.4

PiPrOx-brush

Information, Figure S14). The results are summarized in Table 2.
GPC calibrated by PMMA standards revealed polydispersities
M, /M,=~2 for all samples, as expected (Supporting Informa-
tion, Figure S11).

AFM (Figure 2; Supporting Information, Figure S15) illus-
trates the expected worm-like structures in qualitative agree-
ment with the results obtained by static and dynamic light
scattering. The N;-poly(2-ethyl-2-oxazoline) brush shows be-
sides worm-like structures a multiplicity of spherical particles
resulting in the much lower molecular weight compared to
the other two brushes.

None of the cylindrical brush polymers exerted inhibitory ef-
fects on the metabolic activity of both human HEK293 and
mouse BMDCs to any cell-type specific extent, that is, the 50%
cell survival concentration was determined to be well above
1 uguL™" (Supporting Information, Table S3).
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Figure 2. AFM image (height) of azide end-functionalized core-shell poly(2-
oxazoline) brush N;-poly(2-ethyl-block-2-isopropyl-2-oxazoline) spin-cast
onto mica from aqueous solution at c=0.1gL™".

Recently our group developed a method that allows the de-
termination of aggregation behavior of nanoparticles in
human blood serum by dynamic light scattering.®® The corre-
lation function of nanoparticles or polymers in serum solution,
g1t Should be well-fitted the adequate weighted sum of
known correlation functions measured from the polymer in
isotonic solution, g,(t), and of undiluted serum, g;(t),:

91 ()mix = ap g1 (t)p + a5 gy (t)s + (an g1 (t)a) (M

where a, and ag represent the amplitudes as the only fit
parameters.

In the case of aggregation, a third correlation function de-
scribing the aggregate, g,(t),, has to be added:

91 (H)mix = ap G (t)p + A5 Gi (t)s + Ap Gy (t)a (2)

Figure 3 shows the autocorrelation function of the mixture
of serum and N;-PiPrOx brush (a) as well as the mixture of
serum and N;-PEtOx-b-PiPrOx brush (b). For the latter sample,
the data points of the mixture are well-described by the force
fit with the sum of individual correlation functions of serum
and polymer brush, meaning no or negligible aggregation has
taken place. Similar results were obtained for the N;-PEtOX
brush (data not shown).

In contrast, the autocorrelation function of the mixture of
serum and N;-PiPrOx-brush could not be perfectly fitted by the
force fit with the sum of individual correlation functions of
serum and polymer brush (Eq. (1); Figure 3 black line). A third
correlation function is necessary to achieve a perfect fit
(Eq. (2); Figure 3, gray line) and indicates a significant amount
of aggregates of 360 nm radius to be present, which may be
caused by the higher hydrophobicity of the N;-PiPrOx-brush.
Hydrophobic proteins such as lipoproteins may interact with
the polymer brush, leading to aggregation, although the
extent of aggregation is quite small in view of the “intensity
weighting” of DLS.

The data above reveal that the N;-EtOx and the N;-PEtOX-b-
PiPrOx brushes do not form aggregates in concentrated blood
serum, which could provoke unwanted uptake by macrophag-
es and negatively influence the circulation time for later in
vivo experiments.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Autocorrelation functions of a) N;-PiPrOx and b) N;-PEtOX-b-PiPrOx
brushes in human blood serum; gray lines represent the force fits with the
sum of the individual correlation functions of serum and polymer brush ac-
cording to Eq. (1); black lines represent the fits according to Eq. (2) account-
ing for the presence of aggregates; scattering angle 30°.

Dibenzocyclooctyne-modified antiDEC205 antibody was con-
jugated to the Nj-poly(2-ethyl-2-isopropyl-2-oxazoline) brush
utilizing copper-free 1-3 dipolar cycloaddition chemistry (Sup-
porting Information, Scheme 52).*¥ According to UV/Vis spec-
troscopy, approximately 8 to 10 antibodies were bound to one
cylindrical brush polymer (Supporting Information, Figure S17).
No free antibody could be detected in the conjugate by gel
electrophoresis (Supporting Information, Figure S18).

Fluorescence-activated cell sorting (FACS) showed that 29%
of the CD11" BMDC population co-expressed DEC205, while
33% of the CD11* BMDC populations lacked DEC205 expres-
sion, and 37 % of the cells were CD11¢™ negative; that is, were
no DCs (Figure 4a). The mean fluorescence intensity (MFI) of
either CD11¢™ BMDC population as well as of non-DC co-incu-
bated with N;-PEtOx-b-PiPrOx-brushes for 4 h was rather low,
as shown by the dotted lines in Figure 4b-d. When co-incubat-
ed with the polymer-antibody conjugate, a three-fold higher
MFI was observed for DEC205"CD11c™ BMDC (solid line in Fig-
ure 4b). In contrast, neither DEC205 CD11c* BMDC nor non-
DC showed any considerable increase in polymer binding
(solid lines in Figure 4c,d). Confocal laser scanning microscopy
(CLSM) images confirmed this result and revealed polymer and
antibody to be co-localized inside of DEC205"CD11c* BMDCs
(Figure 4¢,f). The corresponding FACS data and CLSM pictures
for BMDC co-incubated with unconjugated polymer brushes
are given in the Supporting Information, Figure S21.

After 4 h, 73% of the DEC205* BMDCs had engaged conju-
gate. It should be noted that cellular engagement of polymer
antibody conjugates was blocked, if the BMDCs were incubat-
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Figure 4. Binding and uptake of N;-poly(2-ethyl-block-2-isopropyl-2-oxazo-
line brush-aDEC205 conjugates by BMDC. Unstimulated BMDC were co-in-
cubated for 4 hours in parallel with Carboxy-Rhodamine110-labeled N,-
PEtOx-b-PiPrOx-brush, unconjugated or conjugated with anti-DEC205 anti-
body (10" particles per 5x 10° cells). a) BMDCs were double-stained with
DEC205 and CD11c specific antibodies. The dot plot shows the distribution
of the different subpopulations of BMDC co-incubated with anti-DEC205 an-
tibody conjugated polymer. b)-d) Curves show different evaluations of one
experiment and indicate cellular binding of anti-DEC205 antibody conjugat-
ed (thick solid line) and unconjugated polymer (thin dotted line) by the dif-
ferent cell populations. The corresponding MFI are given in brackets:

b) CD11c"DEC205" (MFI: 152.6 versus 44.6), c) CD11c "DEC205: (MFI: 20.1
vs. 19.5), and d) CD11c” non-DCs (MFI: 8.1 vs. 7.2). Graphs are representative
of 10 experiments. e),f) CLSM pictures of the polymer-DEC205 conjugates
taken up by DCs. The polymer is labeled by Carboxyrhodamin (green), the
DEC205 by AF647 (red). The orange color shows superposition of polymer
and DEC205, that is, the intact conjugate. Hoechst 33342 (blue) was utilized
to label cell nuclei. Scale bars 25.3 um (e) and 10.6 um (f).

ed with native anti-DEC205 antibody at large excess prior to
addition of polymer antibody conjugates (Supporting Informa-
tion, Figure S22).

To demonstrate a potential biological application of the cy-
lindrical brush conjugates, the SIINFEKL-sequence of the OVA-
antigen was additionally conjugated to the cylindrical brush
polymer. As described in detail in the Supporting Information,
Scheme S3, the AF546-labeled C-SGLEQLE-SIINFEKL oligopep-
tide (AG, derived from the ovalbumine antigen) was conjugat-
ed to the N3-poly(2-ethyl-block-2-isopropyl-2-oxazoline cylin-
drical brush (CB) first, followed by conjugation of DBCO-func-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tionalized anti-DEC205 antibody (sample CB-AG-aDEC205). The
trailer sequence SGLEQLE is known to be enzymatically cleava-
ble by cells“” and cysteine was added for the conjugation re-
action. On average, the final conjugate contained 17 antigen
fragments and 7.5 anti-DEC205 molecules (Supporting Informa-
tion, Figures S19 and S20).

The suitability of CB-AG-aDEC205 to confer efficient uptake
of antigen into BMDCs was monitored by a proliferation of
peptide (or SIINFEKL) reactive CD8* T-cells. As shown in
Figure 5, BMDC pre-incubated for 4 h with the CB-AG-aDEC205
conjugate (no. 4) induced much stronger proliferation of sub-

T cell proliferation (x10¢ cpm)

1 2 3 4

Figure 5. Antigen-specific CD8" T-cell stimulatory capacity of BMDCs pre-in-
cubated with the cylindrical brush conjugate CB-AG-aDEC205. In parallel
assays, unstimulated BMDCs (each 5x 10° cells) were incubated for 4 h with
C-SGLEQLE-SIINFEKL peptide (1), with non-conjugated N3-poly(2-ethyl-block-
2-isopropyl-2-oxazoline cylindrical brushes (2), with cylindrical brush-antigen
conjugate (3), and with CB-AG-aDEC205 carrying both aDEC205 and C-
SGLEQLE-SIINFEKL (4), at equimolar concentration of antigen (no. 1, 3, and
4: 10" peptide molecules) or equal number of cylindrical brush polymer
chains (no. 2 and 4).

sequently co-cultured peptide-reactive CD8* T-cells than
BMDCs pretreated with either antigen alone (no. 1) or poly-
mer-antigen conjugate without aDEC205 (no. 3). The cylindrical
brush polymer alone served as a negative control (no. 2).

Thus the azide functionalized polymer brushes with 2-ethyl-
2-oxazoline and 2-ethyl-block-2-isopropyl-2-oxazoline side
chains seem to be promising candidates for the application as
nanocarriers for an antibody mediated specific targeting of
cells as it is used in the immune cancer therapy.*'™* Although
biodegradable the particles utilized so far were spherical in
shape with sizes well above 100 nm up to 1 um. Thus, they
might be taken up by macrophages by unspecific phagocyto-
sis. Although the presented polymer brushes also exhibit high
molar masses (Table 2) it should be noted that size rather than
molar mass should be the relevant property for body circula-
tion and recognition by macrophages. In this respect, the
small size of the cylindrical brush polymers well below 100 nm
in combination with their anisotropic shape makes them inter-
esting candidates to study in vivo distribution in future experi-
ments. As compared to antibody conjugates with antigen and/
or adjuvant as reported recently™”-?" the very large number of
chemically accessible functional groups (that is, more than 100
azide groups per polymer) may allow particles to be produced
with ten and more antibodies which may enhance cell-type-
specific targeting.””’ Furthermore, these particles may contain
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several tens of antigen and/or adjuvant molecules to yield
a higher quantity of cargo delivered on a per cell base. The ap-
plied click chemistry yields almost quantitative conjugation re-
sults and allows for the attachment of a predictable number of
even different peptide antigens, which may serve to induce
both CD4* and CD8" T-cell responses at the same time. Like-
wise, conjugation with different adjuvants that trigger distinct
signaling pathways may serve to exert synergistic effects in
terms of DC activation, and therefore the extent of subsequent
T-cell stimulation.”®
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Targeting cells of the immune system:
mannosylated HPMA-LMA block-
copolymer micelles for targeting of
dendritic cells

Background: Successful tumor immunotherapy depends on the induction of strong
and sustained tumor antigen-specific immune responses by activated antigen-
presenting cells (APCs) such as dendritic cells (DCs). Since nanoparticles have the
potential to codeliver tumor-specific antigen and DC-stimulating adjuvant in a DC-
targeting manner, we wanted to assess the suitability of mannosylated HPMA-LMA
block polymers for immunotherapy. Materials & methods: Fluorescence-labeled block
copolymer micelles derived from P(HPMA)-block-P(LMA) copolymers and according
statistical copolymers were synthesized via RAFT polymerization, and loaded with the
APC activator L18-MDP. Both types of copolymers were conjugated with D-mannose
to target the mannose receptor as expressed by DCs and macrophages. The extent
and specificity of micelle binding and activation of APCs was monitored using mouse
spleen cells and bone marrow-derived DC (BMDC). Results: Nontargeting HPMA-
LMA statistical copolymers showed strong unspecific cell binding. HPMA-LMA block
copolymersbound DConly when conjugated with mannose, and in amannose receptor-
specific manner. Mannosylated HPMA-LMA block copolymers were internalized by DC.
DC-targeting HPMA-LMA block copolymers mediated DC activation when loaded with
L18-MDP. Conclusion: Mannosylated HPMA-LMA block copolymers are a promising
candidate for the delvopment of DC-targeting nanovaccines.

First draft submitted: 17 April 2016; Accepted for publication: 15 July 2016; Published
online: 15 September 2016

Keywords: dendritic cell ¢ HPMA block copolymer e immune system ® mannose as targeting
ligand

immune system because they are in the
same size range (nm) as viruses and frag-
ments of bacteria. The immune system
evolved to care about these pathogens.
Interestingly, a sort-of ‘passive’ delivery
effect for nanoparticles also exists within

While vaccination against infectious diseases
has revolutionized human healthcare in the
last century, it is still difficult to transfer this
strategy to diseases derived from the body’s
own tissue as in cancer. Here the immune

. < . b
system is usually ‘somehow silenced’ to these the immune system: Reddy e @/, dem-

onstrated that after intradermal injection
nanoparticles accumulate in the lymph
nodes over time [2]. The interstitial flow is
able to transport, especially, rather small
nanoparticles with sizes around 25 nm
through the lymphatic capillaries into the
draining lymph nodes, where these parti-
cles can be taken up by antigen-presenting

‘autopathogens’, since also immune tolerance
mechanisms are involved in cancer. Thus, to
activate the immune system against cancer,
it is necessary to activate it strongly and to
eliminate tolerance mechanisms at the same
time. In this respect, nanoparticles have a
great potential as carriers (Figure 1):

* Nanoparticles are attractive to the
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Figure 1. Pathogenic fragments in the nanosize range are attracted by the immune system as well as well-defined nanoparticles
engineered for (targeted) (co-)delivery of immune modulators to certain immune cells [1].

immune cells without further targeting ligands [3]
To that respect, the immune system itself seems to
attract nanosized materials (comparable to nano-
sized pathogen (fragments) derived from viruses
or bacteria): ‘the immune system likes nanotech-
nology’ [1.4]. Thus, the potential of nanoparticles
for immunotherapy has recently been summarized
under medical aspects [5].

e Nanoparticular carriers are able to co-deliver bio-
active compounds. This is important for an opti-
mal activation of the immune system, because this
requires the co-delivery of antigens and activation
signals to the desired subpopulations of special-
ized immune cells at the time point when they are
most sensitive (otherwise, it is most likely that the
opposite behavior can be induced, in particular,
immune tolerance) [6]
ticles can effectively protect and shield biologically

. To that respect, nanopar-

sensitive molecules (e.g., antigen-bearing peptides
or immunostimulatory oligonucleotides) from deg-
radation, increase their half-life in the body and
minimize their systemic toxicity [7].

e Nanocarriers can further be equipped with hom-
ing devices for targeted delivery to desired immune
cell subpopulations. This is, on one hand, required
to stimulate, for example, dendritic cells (DCs; as
the most potent immune stimulatory cells) with-
out losing the majority of the cargo ‘somewhere.’
It is even more necessary, when immunosuppres-
sive activities have to be turned off in only certain
subpopulations.

In recent work, we could demonstrate that nanodi-
mensional antigen presentation plays a key role in the
immune system: multifunctional HPMA (N-[2-hy-
droxypropyl] methacrylamide)-based homo and block
copolymers [8] were equipped with tumor-associated
MUCI glycopeptides as cancer cell surface antigens

and applied as antitumor vaccine in mice. Interest-
ingly, only those glycopeptide—polymer conjugates
bearing a nanostructure promoting, self-assembling
poly(lauryl methacrylate [LMA]) domain were able to
induce antibodies of highest tumor affinity (91. Thus,
a nanoparticle-promoting multivalent presentation of
poorly immunogenic antigens seems to play a pivotal
role during immunization, as soluble MUCI glycopep-
tides without any nanostructural presentation cannot
induce antibodies, as shown in another study indepen-
dently [10].

As carrier, poly-HPMA has been developed for many
nanomedicines during the last years [11-13]. This is due
to its nontoxic and nonimmunogenic features and
based on the contributions of Duncan [14], Kopecek
and Kopeckovd [15]. Poly-HPMA polymers functional-
ized with LMA as a hydrophobic comonomer can self-
assemble into polymeric micelles in water [16,17]. Such
a core—shell structure [18] is advantageous for shielding
the cargo in the core and for a multivalent presenta-
tion of targeting units in the periphery in analogy to
Figure 1. It is, however, very important in this context
to remember that statistical and block copolymers from
the hydrophilic HPMA and LMA behave rather dif-
ferently in the biological context [19.20]. In block copo-
lymers, hydrophilic and hydrophobic segments sepa-
rate well into an inner core and the pure hydrophilic
poly-HPMA corona. Thus, these polymeric micelles
get stealth like (17.1921] and show very little unspecific
interactions with plasma proteins and cell membranes.
However, this is not the case for the statistical copoly-
mers [22]. Because of unspecific interactions of hydro-
phobic groups statistically distributed in the corona of
the particle with hydrophobic parts of cell membranes
they interact with some serum proteins [22], they show
unspecific uptake in leucocytes [20] and get able to medi-
ate drug delivery over biological barriers [23]. Because of
strong unspecific interactions with cell membranes, the
statistical copolymers are thus not desirable for a tar-
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geted delivery to subpopulations of leucocytes [20], but
the block copolymers are.

To prepare such a narrowly distributed well-defined
HPMA-LMA block copolymer, the reversible addi-
tion-fragmentation chain-transfer (RAFT) polymer-
ization of pentafluorophenylmethacrylate (PFPMA)
with a subsequent postpolymerization modification
offers an elegant method to achieve polymers with
narrow chain length distributions [8.1624]. In com-
bination with LMA as the hydrophobic component
amphiphilic HPMA-LMA structures can be easily
synthesized. Another advantage of this reactive ester
route is the possibility of introducing simultaneously
different markers for 77 vitro visualization as well as the
targeting structures for specific cell targeting.

For targeting subpopulations of leucocytes like DCs,
besides antibodies [25] carbohydrates can also be used,
for example, mannose, which binds to the mannose
receptor present on DCs [26]. Suitable carbohydrates
offer here the advantage that they are much smaller
than antibodies (typically 6-7 nm) and lead thus only
to a minor modification of the polymeric micelles. In
addition, they are more tolerant to heat and chemical
reagents and generally more easy to handle than the
peptidic, high-molecular-weight antibodies. Generally,
carbohydrates play an essential role in nature due to
their involvement in many biological recognition pro-
cesses, for example, in cell-cell interaction and inflam-
mation [27]. For this reason, biocompatible and especially
‘stealth-like” polymers conjugated with sugar moieties on
the surface, show a high potential as carrier systems for
active targeting in the field of polymer therapeutics [25].
In general, the interaction between carbohydrates and
the corresponding lectin is relatively weak (K, ~10°~10°
mol/l) [29]. This binding force can, however, be tremen-
dously increased by a multivalent binding between the
ligand and the receptor [29-37). Linking mannose to
hydrophilic corona of polymeric micelles offers a route
for multivalent targeting of DCs or macrophages, which
are an interesting target to trigger and modify immune
response (38,39]. By interaction with transmembrane pro-
teins like the transferrin receptor [40,41] or the mannose-
binding receptors (e.g., measles—mumps—rubella family,
DC-SIGN) [42] expressed on the cell surface of DCs
or macrophages clathrin-mediated endocytosis occurs.
This leads to an enhanced cell specific internalization,
which could be clearly demonstrated in studies on cell
uptake kinetics, intracellular distribution and pathway
specificity of virus particles [43,44].

Regarding this, we aimed at a carrier system, which
shows so little unspecific interaction that it has the
potential for selective active targeting to DCs. For this
purpose, mannosylated HPMA-LMA block polymers
were synthesized and investigated with regard to DC

targeting and regarding activation of DCs based on the
cargo in the core of the polymeric micelle.

Materials & methods

Materials

All reagents and solvents were purchased from Acros
Organics (Nidderau, Germany), Sigma Aldrich
(Munich, Germany), Roth (Karlsruhe, Germany) or
Fluka (Munich, Germany) and used without further
purification if not mentioned otherwise. Solvents with
technical grade were distilled before and solvents p.a.
(pro analysis) were used as received. Dichlorometh-
ane and chloroform were distilled from CaH,. THF,
hexane, diethyl ether and 1,4-dioxane were distilled
from Na/K with benzophenone as an indicator. Water-
free DMSO was stored in a septum sealed bottle
over activated molecular sieve (3 A). Dimethylfor-
mamide (DMF) was purchased from VWR (Darm-
stadt, Germany), dried over BaO and subsequently
distilled 77 vacuo onto predried molecular sieves (3
A). 2,2"-azobis(4-methoxy-2,4-dimethylvaleronitrile)
(V-70) was purchased from Wako Chemicals (Neuss,
Germany). Oregon Green 488 cadaverine was
purchased from Invitrogen (Neuss).

Characterization

The 300-MHz 1H-NMR (nuclear magnetic reso-
nance) spectra were recorded on a Bruker (MA, USA)
Avance II 300. The 400-MHz 1H-NMR and 19F-
NMR spectra were recorded on a Bruker Avance II
400. "H-'"H COSY, HSQC and DOSY NMR mea-
surements were performed on a Bruker Avance III
HD 400. Inverse gated "*C spectra were obtained at
100.7 and 75.48 MHz, respectively using, a Fourier
transform spectrometer from Bruker and analyzed. All
spectra were recorded at room temperature and ana-
lyzed with MestReNova software. The polymers were
dried at 40°C overnight under vacuum and afterward
submitted to gel permeation chromatography (GPC).
GPC was performed in tetrahydrofuran (THF) or
hexafluoroisopropanol (HFIP) as the solvent and with
following parts: pump PU 1580, auto sampler AS 1555,
UV-detector UV 1575, RI-detector RI 1530 from Jasco
(Groff-Umstadt, Germany) and miniDAWN Tristar
light scattering detector from Wyatt (Dernbach, Ger-
many). Columns were used from MZ-Analyzentech-
nik: MZ-Gel SDplus 10? A, MZ-Gel SDplus 10* A,
MZ-Gel SDplus 10 A. HPMA polymers were ana-
lyzed by HFIP as solvent containing 3g/l potassium
trifluoroacetate. For HFIP GPC, a pump PU 2080+,
an autosampler AS1555 and an RI detector RI2080+
from Jasco were used. The elution diagrams were ana-
lyzed using the WinGPC Uni Chrom. Calibration was
done using polystyrene (PS) for THF or poly methyl
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methacrylate (PMMA) for HFIP standards. The flow
rate was 1 ml/min at a temperature of 25°C (THF)
and 40°C (HFIP). HPMA polymers and the poly-
mer micelles were purified by water GPC from Jasco
using a preparative Sephadex column G-25 (HiTrap™
Desalting column, Sephadex G-25, superfine, 0.9%
NaCl), an HPLC pump of type PU 2080+ and the
detectors UV 2077+ and RI 2031+. The flow rate was
between 0.5 and 1.0 ml/min and Milli-Q (Merck Mil-
lipore, Darmstadt, Germany) water was used as the
solvent. The UV/VIS detectors were set to wavelengths
of 488 and 235 nm and the data were analyzed using
WinGPC Unichrome 8.00 (Build 994) from Polymer
Standard Services.

UV/VIS spectroscopy was performed with a UV/VIS
spectrometer from Jasco, model V-630 and the spectra
were analyzed by the Spectra Manager Version 2.04
software using a quarz cell with a thickness of 10 mm.

ESI-MS was performed on a Navigato-Instrument
from Thermo Electron (Langenselbold, Germany).
The concentration was 0.1 mg/ml using methanol/
acetonitrile and/or water as the solvent. The flow rate
was set on 0.75 ml/min with a cone voltage of 35-70 V
and a nitrogen flow of 300 /min.

For dynamic light scattering (DLS) experiments
micelle solutions were prepared with concentrations
as described. After transfer to a dust-free flow box,
all samples were filtered (Millex HV 0.45 pm) into
dust-free cylindrical scattering cells (Suprasil, 20 mm
diameter, Hellma, Miihlheim, Germany). Then, DLS
measurements were performed using a Uniphase He/
Ne Laser (I = 632.8 nm, 22 mW), a ALV-SP125 Goni-
ometer, an ALV/High QE APD-Avalanche photo-
diode with fiber optical detection, an ALV 5000/E/
PCI correlator and a Lauda RC-6 thermostat unit at
20°C. Angular-dependent measurements of typically
15° steps were carried out in the range 30° < q < 150°.
For data evaluation experimental intensity correlation
functions were transformed into amplitude correla-
tion functions applying the Siegert relation extended
to include negative values after baseline subtraction by
calculation gl ()=SIGN(G2(1))-SQRT(ABS ((G2(v)-
A)/A). All field correlation functions usually showed
monomodal decay and were fitted by a sum of two
exponentials gl(t)=a-exp(-t/b)+c-exp(-t/d) to take
polydispersity into account. Average apparent dif-
fusion coefficients D~ were calculated by applying
q2-D_ =(a-b-1+c.d- 1)/(a+c) resulting in an angular-
depencfent diffusion coefficient D~ or reciprocal
hydrodynamic radius <1/Rh>app, accordlng to formal
application of the Stokes—Einstein law. By extrapola-
tion of <1/Rh>app to q=0 z-average hydrodynamic
radii Rh=<1/Rh>z-1 were obtained (uncorrected for
c-dependency).

FACS analysis was performed on an FACS Canto
IT flow cytometer equipped with BD FACS Diva soft-
ware (both from BD Biosciences, CA, USA). Data
were analyzed using FlowJo software (FLOW]JO, OR,
USA). Confocal laser scanning microscopy was per-
formed using an LSM510-UV (Zeiss, Jena, Germany)
equipped with a Plan-Apochromat 63/1.40 Oil DIC
M27 objective.

Methods & experimental protocols
Tetraethylene glycol monotosylate [45]

To a mixture of 4.11 g (103 mmol) sodium hydroxide
in 23 ml of water and 23 ml of THF tetraethylene
glycol was added. The solution was cooled to 0°C
and a mixture of 12.15 g (65 mmol) p-toluenesul-
fonic acid in 100 ml THF was added dropwise. The
reaction mixture was stirred for 2 h at 0°C. After
stirring for 2 h at room temperature, the mixture
was poured into ice-cold water and extracted with
dichloromethane (4 x 150 ml). The organic layers
were washed with water (2 x 75 ml) and dried over
magnesium sulfate. Rotary evaporation gave a pale
yellow oil which was used in the next reaction step
without further purification. Yield: 22 g (63 mmol,
97%), Lit.: 90% 38]. Rf = 0.24 (cyclohexane:EtOAc,
1:4).

IH-NMR (300 MHz, CDC): 8 [ppm] = 7.77
(2H, d, J = 8.5 Hz, -SO,-0-Ar-H), 732 (2H, d, J =
8.5 Hz, -SO,-m-Ar-H), 4.14 (2H, t, ] = 4.5 Hz, -CH -
OTos), 3.71-3.51 (14H, m, -CH,-CH,-0), 2.42 (3H,
s, -CH,).

ESI-MS [m/z]: = 371.13 ([M+Nal+, ber.: 371.11).

CH,,0.S (348.41 g/mol)

N-(11-Hydroxy-3,6,9-trioxaundecyl)
phthalimide [45)
A mixture of 22 g (63 mmol) of tetraethylene gly-
col monotosylate, 14 g (76 mmol) of potassium
phthalimide and 3 g of molecular sieve (3 A) in 160
ml DMF was stirred for 10 h at 150°C and 8 h at room
temperature. The suspension was filtered through
Celite and washed with DMF. The solvent was evapo-
rated using high vacuum. The crude product was
co-distilled with toluene (4 x 70 ml) and purified by
column chromatography (eluent: EtOAc) to obtain a
pale yellow oil. Yield: 18.2 g (56 mmol, 89%), Lit.:
57% [38]. Rf = 0.34 (EtOAc).

1H-NMR (300 MHz, CDCL): 8 [ppm] = 7.85-7.81
(2H, m, Ar-H), 7.72-7.68 (2H m, Ar-H), 3.88 (2H,
t, J = 5.5 Hz, NPhth-CH -CH -O-), 3.73 (2H, t, ]
= 5.8 Hz, NPhth-CH,-CH -O-), 3.75-3.52 (m, 12H,
-CH,-CH -O-).

ESI-MS [m/z]: 346.14 ([M+Nal+, ber.: 346.13).

C,H, NO, (348.41 g/mol)
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1,2,3,4,6-Penta-0-acetyl-D-mannopyranoside [46]
To a solution of 5 g (27.7 mmol) D-mannose in 200 ml
pyridine, 39 ml (415 mmol) of acetic anhydride was
added and stirring was continued overnight at room
temperature. After coevaporation with toluene (3 x 40
ml), the residue was taken up in 200-ml ethyl acetate,
washed with 2N HCI (3x 50 ml), water (1x 40 ml),
saturated sodium bicarbonate (3x 50 ml) and brine
(Ix 40 ml). The organic layers were dried with Na SO,
and rotary evaporation gives a o, mixture as a pale
yellow oil, which was used in the next reaction without
further purification. Yield: 10 g (25.6 mmol, 92%).
Lit.: 100% [40]. Rf = 0.57 (n-hexane:EtOAc, 1:1).

1H-NMR (300 MHz, CDCL,): 8 [ppm] = 6.06 (1H,
d, J=1.8 Hz, la), 5.84 (1H, d, J=1.2 Hz, 1B), 5.46
(1H, dd, J=1.1 Hz, 3.3 Hz, 2f), 5.24-5.34 (3H, m,
2a, 3a, 4a), 5.12 (1H, dd, ] = 3.3 Hz, 9.9 Hz, 3p),
4.23-4.32 (2H, m, 4B, 5a), 4.12—-4.02 (4H, m, Gaa,
6ba, 6aP, 6bf), 3.78 (1H, ddd, J=2.4 Hz, 5.3 Hz, 9.8
Hz, 5B), 2.19-1.94 (5s, 15H, -CH,).

ESI-MS [m/z]: 413.52 ([M+Nal+, ber.: 413.11),
803.24 ([M-M+Nal]+, ber.: 803.23).

C,.H,,0,, (390.12 g/mol)

2,3,4,6-Tetra-O-acteyl-D-mannopyranosyl
bromide [46]
About 10 g (25.6 mmol) of 1,2,3,4,6-penta-O-acetyl-
D-mannopyranoside was dissolved in 25 ml dichlo-
romethane and stirred at room temperature under
argon. About 20 ml of 33% HBr/acetic acid was
added via syringe and the reaction was stirred at room
temperature for 2 h. About 100 ml of dichlorometh-
ane was added and the reaction mixture was extracted
with ice-cold water (3x 200 ml). The organic layer
was neutralized by a saturated sodium bicarbonate
solution, washed with brine, dried over sodium sulfate
and concentrated under reduced pressure to give a yel-
low oil which was used in the next reaction without
further purification. Yield: 9.8 g (24 mmol, 93%).
Lit.: 81% [40]. Rf = 0.3 (n-hexane/EtOAc (6:4)).

IH-NMR (300 MHz, CDCL): 8 [ppm] = 6.26 (1H,
d,J=1.1Hz 1), 5.67 (1H, dd, J = 3.4 Hz, 10.2 Hz,
3), 5.40 (1H, dd, J = 1.6 Hz, 3.4 Hz, 2), 5.31 (1H, t, ]
=10.1 Hz, 4), 4.29 (1H, dd, J = 4.8 Hz, 12.4 Hz, 5),
4.18 (1H, ddd, J = 1.9 Hz, 4.9 Hz, 10.1 Hz, 6a), 4.09
(1H, dd, ] = 2.1 Hz, 12.4 Hz, 6b), 2.23-2.03 (12H,
4s, -CH,).

ESI-MS [m/z]: 412.16 ((M+H]+, ber.: 412.20).

C14H1905Br (411.20 g/mol)

11-(N-Phthalimide)-3,6,9-trioxaundecan-2,3,4,6-
tetra-O-acetyl-B-D-mannopyranoside

About 2.0 g (4.9 mmol) of 1,2,3,4,6-penta-O-
acetyl-D-mannopyranosyl bromide and 2.4 g (7.3

mmol) of 1 N-(11-hydroxy-3,6,9-trioxaundecyl)
phthalimide were dissolved in 100 ml dichlorometh-
ane. About 3 g of molecular sieve (3 A) was added
and the reaction mixture was stirred for 30 min at
-20°C and under argon atmosphere in the absence of
light. About 1.9 g (7.5 mmol) of silver trifluorometh-
ane sulfonate was added and the reaction was stirred
at room temperature overnight. After neutralizing
with triethylamine (pH = 8), the mixture was fil-
tered through Celite, washed with dichloromethane
and dried over MgSO,. The solvent was removed by
rotary evaporation and the crude product was puri-
fied by column chromatography to obtain a pale
yellow oil. Yield: 2.0 g (3.1 mmol, 63%). Rf = 0.4
(EtOAc/cHex, 4:1).

IH-NMR (300 MHz, CDCL,): 6 [ppm] = 7.84 (2H,
m, Ar-H), 7.72 (2H, m, Ar-H), 5.35 (1H, dd, ] = 3.2
Hz, 10 Hz, 4), 5.28 (1H, d, ] = 9.6 Hz, 3), 5.25 (1H, t,
J=1.6Hz,2),4.85 (1H, d, ] = 1.6, 1), 4.28 (1H, dd, ]
=5.2 Hz, 12 Hz, 5), 4.13—4.04 (2H, 64, 6b), 3.9 (2H,
t,J = 5.9 Hz, N-CH,-CH,-O), 378 (1H, m, Man-
CHH-CH -0), 3.74 (2H, t, ] = 5.9 Hz, N-CH,-CH -
0), 3.68-3.58 (11H, m, -CH -CH -O-), 2.13 (3H, s,
-CH,), 2.08 (3H, s, -CH,), 2.02 (3H, s, -CH,), 1.97
(3H, s, -CH,).

ESI-MS [m/z]: 676.21 ([M+Nal+, ber.: 676.21).

C,,H,,NO, (653.23 g/mol)
11-Amino-3,6,9-trioxa-undecyl-a-D-
mannopyranoside
About 1.7 g (2.6 mmol) of 11-(N-phthalimide)-
3,6,9-trioxaundecan-2,3,4,6-tetra-O-acetyl-B-D-
mannopyranoside was dissolved in 35 ml methanol
and 0.95 ml of hydrazine hydrate (65%) was added.
The reaction mixture was stirred for 3 days at room
temperature under argon atmosphere until a precipita-
tion occurs. The solid was removed by filtration and
the resulting filtrate was concentrated under vacuum.
Purification by column chromatography (EtOH:NH,
solution [25%], 4.5:1) yields a colorless oil with high
viscosity. Yield: 900 mg (2.5 mmol, 97%). R, = 0.16
(EtOH:NH_-solution  (25%), 4.5:1). 1H-NMR
[1H-1H-COSY] (400 MHz, D,O): & [ppm] = 4.87
(1H,d, "]y, = 1.7 Hz, 1), 394 (H, dd, °J,, ,,, = 3.4
Hz, ., ,, = 17 Hz, 2), 3.88-3.66 (°H, m, 6a, 6b
{3.88-3.83}, 3 {3.79}, -CH,-CH-O {3.75-3.65}, 4
{3.63}, 5 {3.61}, 3.16 (2H, m, -CH,-NH,). "C-NMR
[HSQC] (100.6 MHz, D,0): & [ppm] = 99.96 (C1),
72.75 (C5), 70.51 (C3), 69.89 (C2), 69.61, 69.55,
69.52, 69.44 (O-CH,-), 66.85 (C4), 66.60 (Man-
O-CH -CH ), 60.83 (C6), 39.21 (CH,-NH,).

ESI-MS [m/z]: 35656 [M+H]+, ber.: 356.18;
378.18 [M+Na]+, ber.: 356.18;

C,H,)NO, (355.18 g/mol)
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Figure 2. Synthesis of the amine functionalized mannose linker (man4).
Synthesis of the polymers lute dioxane (Supplementary Figure 1). Afterwards,
Synthesis of 4-cyano-4-((thiobenzoyl)sulfanyl) 0.3 g of LMA and 1.4 mg of ABNDM were added
pentanoic acid and mixed. After three freeze-vacuum-thaw cycles, the
The 4-cyano-4-([thiobenzoyl]  sulfanyl)pentanoic  tube was immersed into an oil bath at 40°C and stirred

acid was used as the chain transfer agent (CTA) and
synthesized in a three-step reaction according to the
literature [47].

Synthesis of PFMA
PFMA was prepared according to the literature [48].

Synthesis of the reactive ester homopolymer
(macro-CTA)

First a PFPMA-macro-CTA was synthesized by RAFT
polymerization of PFPMA with CTA under Schlenk
conditions. The reaction vessel was loaded with 4 g of
PFPMA, 40 mg of CTA, 4 mg of ABNDM (2,2-Azo-
bis(2,4- dimethyl)valeronitrile) and 5 ml of absolute
dioxane. Following three freeze-vacuum-thaw cycles, the
tube was immersed into an oil bath at 40°C and stirred
overnight. After the polymerization, the polymer solu-
tion was precipitated three-times in n-hexane, isolated
by centrifugation and dried overnight under vacuum at
40°C. In the end, a slightly pink powder was obtained.
Yield: 1.7 g (43 weight%). 'H NMR (300 MHz,
CDCL,): 8 [ppm] 2.1-2.5 (br, 2H), 1.3-1.6 (m, 3H). “F
NMR (400 MHz, CDCL,): 6 [ppm] -151.5 to -153.1 (br,
2F), -157.9 to -158.2 (br, 1F), -162,9 to -163.4 (br, 2F).

Synthesis of the reactive ester block copolymer
About 0.5 g of the macro-CTA obtained after homopo-
lymerization of PFPMA was dissolved in 4 ml of abso-

for three days. Afterward poly(PFPMA)-b-poly(LMA)
precipitated three-times from dioxane into ethanol,
isolated by centrifugation and dried overnight under
vacuum at 40°C. In the end, a slightly pink powder
was obtained. Yield: 0.46 g (92 weight%). 'H NMR
(300 MHz, CDCL)): 6 [ppm] 3.9 (br, 2H), 2.4-0.9 (m,
5H). "F-NMR (400 MHz, CDCL): 8 [ppm] -151.5
t0 -153.1 (br, 2F), -157.9 to -158.2 (b, 1F), -162.9 to
-163.4 (br, 2F) (Supplementary Figures 2 & 3).

Synthesis of a statistical copolymer

RAFT polymerization of PFPMA with LMA by the
help of CTA was performed in a schlenk tube. As an
example, 4 g of PFPMA dissolved in 5 ml dioxane,
LMA, ABNDM and CTA were mixed. The molar
ratio of CTA/ABNDM was set to 8:1. After three
freeze-vacuum-thaw cycles, the mixture was immersed
in an oil bath at 65°C and stirred overnight. After-
wards, poly(PFPMA)-ran-poly(LMA) was precipitated
three-times in hexane, centrifuged and dried under
vacuum at 40°C overnight. A slightly pink powder was
obtained. Yield: 54%. IH-NMR (300 MHz, CDCL,)
&/ppm: 0.84 (br t), 1.20-1.75 (br), 2.00-2.75 (br s).
YE-NMR (400 MHz, CDCI3) & /ppm: -162.01 (br),
-156.95 (br), -152 to -150 (br).

Removal of the dithioester end groups
The dithiobenzoate end group was removed accord-
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Figure 3. Decoupled HSQC nuclear magnetic resonance spectrum of the amine functionalized mannose linker man4. It proves the
o anomeric form and therefore the bioactivity of man4 [50].

ing to literature. As an example, 400 mg of the poly-
mer was dissolved in absolute dioxane and a 40-fold
excess of ABNDM in relation to the polymer end
group was added. The solution was heated at 40°C
until the color vanished. Finally, the copolymer was

precipitated in ethanol and collected by centrifu-
gation. The copolymer was dried under vacuum at
40°C overnight and a colorless powder was obtained.
Yield: 380-390 mg (95-98 weight%). The absence
of the dithiobenzoate end group was confirmed by

Table 1. Characterization of the synthesized block and random copolymers with and without

mannose.

Polymer Label Amount of Amount of M_ (g/mol)* bs
LMA (mol%)" Man (mol%)*

P(PFPMA)-b-P(LMA) P1 7.45 - 44100 1,4

P(PFPMA)-b-P(LMA) P2 13 - 24.200 1.3

p(HPMA)-b-P(LMA) P1a 7.5 - 31.400 1,3

p(HPMA)-b-P(LMA) P2a 13 13.700 1,2

p(HPMA)_Man-b-P(LMA) P1b 7.5 5 26.700 1,3

p(HPMA)_Man-b-P(LMA) P2b 13 5 16.600 1,2

p(HPMA)-ran-P(LMA) P3 7 28.200 1,4

p(HPMA)_Man-ran-P(LMA) P4 7 4 28.200 1,3

"Calculated by 'H-NMR spectroscopy in CDCI, of the PFPMA precursor polymers.

“Calculated by *C-NMR of the HPMA-LMA block copolymer in D,O and related to the total number of repeating units in hydrophilic and

hydrophobic blocks.

SMeasured by gel permeation chromatography with hexafluoroisopropanol/tetrahydrofuran as solvent and PMMA/PS standard.

HPMA: N-(2-Hydroxypropyl)methacrylamide; LMA: Lauryl methacrylate; NMR: Nuclear magnetic resonance.
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Figure 4. Synthesis of the p(HPMA)-block-P(LMA) copolymers with (P1a, P2a) and without mannose (P1b, P2b) and micelle formation.

HPMA: N-(2-Hydroxypropyl)methacrylamide; LMA: Lauryl methacrylate.

UV/VIS spectroscopy by the absence of the peak at

302 nm.

Synthesis of the HPMA-LMA copolymers with
& without mannose

As an example, 70.0 mg of the reactive ester pre-
cursor polymer poly(PFMA) P1 and 1.65 mg (2.76
pumol, 0.01 eq.) of the fluorescent dye Oregon Green
cadaverine were dissolved in 1.5 ml abs. dioxane and
1.5 ml abs. DMF. This solution was stirred at 50°C
overnight. Afterwards, 9.9 mg (27.8 umol, 0.05 eq.
regarding to the reactive ester groups) man4 and NEt,
as base were added to the schlenk tube and stirred
for 24 h, for the mannose containing polymers. The

For purification the polymer solution was diluted
with Milli-Q water and dialyzed for 3 days using
Spectra/Por membranes (molecular weight cut-off
3500 g/mol) and changing the water every 12 h. The
resulting solution was freeze-dried to obtain a yel-
low powder. Yield: 40.0 mg (2.68 umol, 97%). 'H-
NMR (400 MHz, MeOD): & [ppm] = 7.5-7.4 (br,
1H, -NH), 4.8 (br, 1H, -C-OH), 4.6 (br, 1H, -COO-
CH,-), 4.05-3.70 (br, 1H, CH-HPA), 2.22-1.58 (br,

H, -NH-CH-HPA), 1.44-0.76 (br, -CH,-LMA,
-CH,-LMA, -CH,-HPA, -CH, polymer backbone)
(Supplementary Figures 4-6).

BC NMR [inverse gated] (100,6 MHz. MeOD): &

[ppm] = 180,10-178,56 (m, O=CNH), 101,72 (C1).

bound mannose was afterward quantified by inverse

gated PC-NMR spectroscopy. Thereafter, 84.0

(83.0 mg, 1.11 mmol, 4.0 eq.) of 2-hydroxyaminopro-
panol and 192 pl (140 mg, 1.38 mmol, 5.0 eq. regard-
ing to the reactive ester groups) of triethylamine were
added and the reaction was stirred for 3 days at 50°C

under argon atmosphere.

Micelle preparation

About 10 mg of the HPMA-LMA block copolymer
was dissolved in 200 pl of abs. DMSO. The polymer
solution was added dropwise under vortex in 0.7 ml of
Milli-Q water. The polymer solution was purified by
water GPC using a Sephadex G-25 column to elimi-

ul

2686 Nanomedicine (Lond.) (2016) 11(20)

future science group



Mannosylated HPMA-LMA block-copolymer micelles for targeting of dendritic cells Research Article

Table 2. Micellar structures of P2a and P2b with and without L18-MDP as cargo measured by

dynamic light scattering with ¢ = 0.1 g/I.

Polymer R, (nm) 1,

P2a 40,2 0,12
P2a + L18-MDP 48,1 0,24
P2b 44,2 0,13
P2b + L18-MDP 47,2 0,15

nate free DMSO. The concentration of the polymer
solution was calculated by freeze-drying of an aliquot
of the purified polymer solution. For the L18-MDP
loaded nanoparticle 5 mg of HPMA-LMA block
copolymer and 50 pg of L18-MDP (muramyl dipep-
tide) (Figure 6) were dissolved in 200 uL. DMSO. The
purification took place by GPC as described above.

The size of the micelles was determined by DLS
studies (see the ‘Characterization’ section).

Preparation of blood serum

The human blood serum used for this study was obtained
from the University Medical Center Mainz (Germany).
It was prepared according to the standard guidelines
of the University Medical Center Mainz. Because of
the high variation of protein composition of different
patients a pool of serum obtained by the mixture of
serum of healthy donors was used for all measurements.

Preparation of samples for DLS studies in serum
DLS studies to determine interaction and stability of
the micelles in serum were performed as described
in [22].

Serum solutions are filtered through Milex GS fil-
ters, 220 nm pore size (Millipore). After testing of
several filters, concentration losses of serum proteins
by filtration with Milex GS filters are negligible. The
polymer formulations are prepared by dissolving poly-
mer and L18-MDP in DMSO and shaking the solution
for 5 min. The mixture is then added dropwise to the
buffer solution and purified by GPC (Sephadex, water)
For light scattering the p(HPMA-co-LMA) as well as
the p(HPMA-co-LMA) L18-MDP complex is pre-
pared in Dulbecco’s phosphate buffered saline buffer
solution (GIBCO, Invitrogen). The polymer is filtered
through a Milex GHP450-nm filter in the light scat-

tering cuvette. For the measurements of p(HPMA-co-
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Figure 5. Characterization of the mannose functionalization of blockcopolymer P1b by inverse gated *C-NMR in MeOD ([52].

NMR: Nuclear magnetic resonance.
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Figure 6. Structure of L18-MDP and illustration of its incorporation into the polymeric nanomicelle.

LMA) with and without L18-MDP, serum and poly-
mer dissolved in Dulbecco’s phosphate buffered saline
buffer (GIBCO, Invitrogen) are given subsequently
into the light scattering cuvette. Then, the cuvettes are
incubated for 20 min on a shaker at room temperature
before measurement.

Cellular binding of micelles

Bone marrow-derived dendritic cells (BMDCs) were
generated with some modifications as described
before [49]. In brief, bone marrow cells derived from
tibiae and femurs of the mouse were seeded onto
flat nontreated 12-well plates (2 x 10°/well) in 1.25
ml medium (Iscove’s Modified Dulbecco’s Medium
supplemented with 5% granulocyte-macrophage
colony stimulating factor containing hybridoma
supernatant (equivalent to 10 ng/ml of granulocyte-
macrophage colony stimulating factor), 5% fetal calf
serum (FCS), 1% penicillin/streptavidin (P/S), 1%
B-mercaptoethanol and 1% glutamine). Three days
after preparation, 500 pl of fresh medium was added
to the wells. On day 6, cells were incubated with vary-
ing concentrations of micelles (3—15 pg/ml) for differ-
ent periods of time (1-24 h). Samples were harvested
by frequent pipetting. The cells were washed with 2%

FCS in phosphate-buffered saline (PBS), incubated
with fluorescence-labeled antibodies specific for sur-
face markers (CD11c-PE, CD206-BV421 and CD86-
PECy7), fixed with 0.7% paraformaldehyde (PFA) in

PBS and subjected to fluorescent-activated cell sorting

(FACS) analysis.

Sample preparation for confocal laser scanning
microscopy

BMDCs were incubated with 15 pg/ml micelle solu-
tion for 24 h as described above. After washing the cells
with PBS, Hoechst dye was added to stain the nucleus
with a concentration of 2 uM. Cells were washed once
more with PBS, and the cell membrane was marked
with cell mask orange just before taking images.

Blocking studies with mannan

BMDCs were preincubated with mannan (2 mg/ml)
for 1 h. Afterwards, micelle solution at different con-
centrations (3—15 pg/ml) was added. After 4 h, cells
were washed with 2% FCS in PBS, and were incu-
bated with receptor-specific antibodies (anti-CDl11c-
PE, anti-CD206-BV421, anti-CD205-PECy7 and
anti-CD209a-eFluor660), fixed with 0.7% PFA and

subjected to flow cytometry.
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Stimulation of DC

To assess stimulatory effects of encapsulated NOD2
agonist L18-MDP, BMDCs were incubated in paral-
lel assays with differentially functionalized types of
micelles (15 pg/ml) as indicated. After 48 h, BMDCs
were harvested, incubated with antibodies (anti-
CD11c-PE, anti-CD86-PE-Cy7 and anti-MHCII-
Pacific Blue) and subjected to flow cytometric analysis.

Results & discussion

Preparation of the nanomedicine

As targeting core—shell vehicles for DCs, we decided to
work with block-copolymer micelles from p(HPMA)-
block-P(LMA) copolymers, as they are known to have
minimal unspecific interaction with plasma proteins
and cell membranes [1820-2125]. As targeting moi-
ety we choose mannose, which is known to bind to
the mannose receptor expressed on DCs and mac-
rophages [26]. As the ligation of the mannose to the
hydrophilic p(HPMA) block is supposed to be done
via the reactive ester approach of Barz et al. [16] an
o-glycosidic functionalized mannose derivative with
a hydrophilic spacer and a terminal primary amine
group was needed (man4), whose synthesis is described
in Figure 2. Details can be found in the ‘Materials &
methods’ section. It is important in this context that
during the transformation of man2 to man3 besides
the desired oi-anomer B-form may also be formed,
which is biologically inactive. It is thus necessary to
prove the a-form of man4, which could be done suc-
cessfully with a decoupled HSQC-NMR spectrum
(see Figure 3).

The block copolymers for micelle formation and
ligation with man4 were prepared via the reactive
ester route to p(HPMA) [16,1851] according to Figure 4
as described in the ‘Materials & methods’ section. To
reduce unspecific interactions with cellular membranes
as much as possible, we aimed thereby at a ratio of
about 90 mol% of HPMA to 10 mol% LMA [18]. This
required the synthesis of reactive ester blockcopoly-
mers P(PFPMA)-block-P(LMA) with about 90 mol%
of reactive ester units (see Figure 4). Thus, we prepared
two of those block copolymers (Table 1), both with
about 10 mol% of LMA and a molecular weight dif-
fering by a factor of 2. Thus they are quiet comparable
concerning polymer properties. Both show the narrow
dispersity known for these polymers, if prepared under
correct RAFT conditions (see ‘Materials & methods’
section).

The aminolysis of the reactive ester to prepare
poly-HPMA and to incorporate man4 was conducted
according to Mohr ez al. 51) to avoid (partial) hydroly-
sis. Under these conditions also no side reactions with
the hydroxyl groups of mannose could be observed.
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Figure 7. Metabolic activity of bone marrow-derived
dendritic cells incubated with HPMA-LMA block-
copolymer-based micelles (P1a and P1b). Bone marrow-
derived dendritic cells (BMDCs) were incubated with
micelles at different concentrations as indicated

for 24 h. The metabolic activity of the samples was
normalized to untreated BMDCs. As an internal
negative control, BMDCs were incubated with DMSO at
cytotoxic concentration (10%).

HPMA: N-(2-Hydroxypropyl)methacrylamide;

LMA: Lauryl methacrylate.

Generally this aminolysis allows a nearly quantitative
ligation of man4. Here we reduced the reaction time
and determined the amount of man4 finally incorpo-
rated into the hydrophilic block by inverse gated *C-
NMR in MeOD (Figure 5). The incorporated amount
of man4 was slightly lower than the composition of
the reaction batch, because we calculated the compo-
sition of the reaction batch for 5 mol% of man4 per
reactive ester unit (90 mol% block), but we incorpo-
rated about 5 mol% with respect to the full polymer
(100% of repeating units). The values are incorpo-
rated into Table 1. GPC measurements are included
in the Supplementary Information. They demonstrate
slightly different molecular weights (more correctly
sizes) for the block copolymers with and without man-
nose. However, the corresponding polymers have an
identical degree of polymerization since they were pre-
pared starting with the identical reactive ester block
copolymers.

Micellar aggregates from block copolymers and
statistical copolymers of the hydrophilic HPMA
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Figure 8. Time and dose kinetic studies of bone marrow-derived dendritic cells incubated with P1a and P1b
copolymer-based micelles. BMDCs were incubated in parallel with either type of micelles at the indicated doses
and periods of time. Afterwards, samples were incubated with CD11c-specific antibody. Data show the mean +
standard error of the mean of 0G488 fluorescence intensities of CD11c* BMDC (n = 3).

BMDC: Bone marrow-derived dendritic cell.

and LMA behave rather differently in the biological
context [1820]. While block copolymers show little
unspecific interaction [17-1821] statistical copolymers
bind unspecifically to cellular membranes [22]. Thus
for comparison also a statistical copolymer P3 with
the same amount of LMA and man4 was prepared
(‘Materials & methods’ section) and included into the
comparison.

All polymers were additionally labeled with Ore-
gon green 488 for detection in the cellular binding
experiments. The properties of the resulting block and
statistical copolymers are compiled in Table 1.

The critical micelle concentration (CMC) of the
block copolymers p(HPMA)-b-P(LMA) was in the
range of 6—7 x 10 mg/ml in PBS-buffer solution as
determined by the pyrene fluorescence technique (see
Supplementary Figure 9). This low value assures that
the micellar system stays stable in the body. Concern-
ing the value of the CMC it should be noted that we
give CMC values determined in PBS buffer, which are
typically higher than the values determined in saline
solution [18].

These micellar solutions were prepared — as previ-
ously reported [16,182022] — by dropping solutions of

the various copolymers in DMSO into Milli-Q water.
Afterwards, the micellar solution was purified by water
GPC to eliminate free DMSQO. The size of the micel-
lar aggregates was characterized by DLS (see Table 2).
They are with values of 40 nm (hydrodynamic radius)
or a diameter of 80 nm in the size range reported for
such micellar aggregates, which correspond more to a
‘compound micelle’ [53].

As cargo to induce an immune activation after cel-
lular binding, the micellar aggregates were loaded
with the hydrophobic L18-MDP (Figure 6). This led
to an increase in their size due to the different com-
position of the nanoaggregate (see Table 2). To deter-
mine the stability of the micellar structures in con-
tact with serum, we mixed them with human serum
and investigated them by DLS as discussed in [22].
This allows it to determine aggregate formation (see
Supplementary Figure 10). These experiments demon-
strate that the L18-MPD loaded micelles keep their size
and do not lead to aggregation during the first 30 min
after mixing. However, after more than an hour some
aggregates can be observed, probably caused by some
loss of cargo. This indicates that the loaded micelles
are stable for — at least — 30 min.
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Figure 9. Confocal microscopy of bone marrow-derived dendritic cells incubated with mannosylated HPMA-LMA
block-copolymer-based micelles (P1b). Bone marrow-derived dendritic cells were incubated with mannosylated
micelles (15 ug/ml) for 24 h, and subjected to confocal laser scanning microscopy analysis. Green: 0G488-labeled
micelles, red (cell membrane): cell mask orange, blue (nucleus): Hoechst 33342. Magnifications are indicated.
HPMA: N-(2-Hydroxypropyl)methacrylamide; LMA: Lauryl methacrylate.

Biological evaluation of the functionalized copolymers had no detrimental effect on the metabolic
micelles activity of BMDC.
At first we checked the micellar aggregates regarding Next we investigated the binding of micellar aggre-

toxicity. As depicted in Figure 7, HPMA-LMA block  gates of the block copolymers with and without man-
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Figure 10. Assessment of mannose receptor-specific binding of mannosylated micelles (P1a and P1b). In parallel setting, bone
marrow-derived dendritic cells (BMDCs) were incubated with mannan (2 uM) for 1 h or left untreated prior to addition of 0G488-
labeled p(HPMA)-b-P(LMA) block-copolymer-based micelle formulations at (A & B) 15 ng/ml or (C) at concentrations as indicated.
After 4 h, all samples were incubated with CD11c-specific and (A) CD206-specific antibodies. All samples were assayed by flow
cytometry. (A) Graphs indicate frequencies of 0G488+ CD11c* BMDC within the CD206* and CD206° BMDC subpopulations. (B) Dot
blots show the frequencies of 0G488+ CD11c* BMDC obtained after incubation with mannosylated micelles in the presence or absence
of mannan. (C) Quantification of 0G488+* CD11c* BMDC after incubation with 0G488-labeled micelle populations in the absence or
presence of mannan.

(A & C) Data denote mean = standard error of the mean of three experiments each. (B) Representative of three experiments.
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Figure 11. Differential binding behavior of micelles
based on block (P1a and P1b) and statistical (P3 and
P4) copolymers. Bone marrow-derived dendritic cells
(BMDCs) were incubated in parallel with micelles
derived from nonfunctionalized and mannosylated
block and statistical copolymers (each 3 pg/ml) for 3 h.
Data show the mean + standard error of the mean

of 0G488 fluorescence intensities of CD11c* BMDC.
Relative MFIs are given as fold of BMDC incubated for
24 h with mannosylated micelles derived from block
copolymers (see Figure 6). Values shown for block
copolymers correspond to those given in Figure 6

(n = 3). MFI: Mean fluoresecence intensity.

nose to DCs. Coincubation of BMDC with nonfunc-
tionalized HPMA-LMA block -copolymer-based
micelles at different concentrations (3-15 pg/ml)
yielded neglectable binding only (Figure 8). In contrast,
mannosylated micelles considerably bound BMDC in
a time- and dose-dependent manner. These observa-
tions show that mannosylation is critical for binding
of HPMA-LMA block copolymers to BMDC. Similar
results were obtained in binding assays using primary
spleen cells. As shown in Supplementary Figure 11, DC
and macrophages, which are known to express the
mannose receptor, displayed stronger binding of man-
nosylated than of nonmannosylated micelles [26]. In
contrast, T cells that lack the mannose receptor dis-
played only very low binding of either micelle formula-
tion. Confocal microscopy confirmed cellular uptake
of mannosylated micelles by BMDC as a consequence
of binding (Figure 9).

Mannosylated micelles predominantly bound
BMDC that expressed the mannose receptor CD206,
while binding to CD206" BMDC was low (Figure 10A).
Nonmannosylated micelles engaged either BMDC
subpopulation at low extent only. To confirm the

essential role of mannose binding receptors for bind-
ing of mannosylated HPMA-LMA block-copolymer-
based micelles, BMDCs were preincubated with man-
nan as a competitor. As depicted in Figure 10B, and
quantitatively assessed in Figure 10C, binding of man-
nosylated micelles to BMDC was strongly inhibited
in the presence of mannan. On the contrary, low-level
binding of nonmannosylated micelles to BMDC was
not affected. These findings confirm that mannosyl-
ated micelles bind BMDC specifically via mannose
binding receptors.

To verify the importance of the molecular structure
for active targeting, we investigated the micellar aggre-
gates of the statistical copolymers. In this case, the
presence of mannose did not improve binding to DCs
(Figure 11). The main reason for this is the high level of
unspecific binding of the statistical, no-mannosylated
copolymers, which is in full agreement with earlier
observations on statistical copolymers [18.2022]. In addi-
tion, here the exposure of the bound mannose to the
outside — the mannose receptor — may be smaller in
the micellar structures, which differ from the micellar
structures of the block copolymers [18,22].

Based on the selective DC-targeting properties of
mannosylated micelles from the block copolymers,
we asked for their potential to mediate their stimula-
tion. For this, we encapsulated L18-MDP which con-
stitutes a lipophilic immunostimulatory ligand of the
NOD?2 receptor [54]. Mannosylated HPMA-LMA
block-copolymer-based micelles encapsulated with
L18-MDP showed the same BMDC binding properties
as nonloaded mannosylated micelles (Figure 12A). On
the contrary, encapsulation of L18-MDP into nonman-
nosylated micelles had no effect on their low potential
to bind BMDC. As compared with untreated BMDC,
incubation with L18-MDP loaded mannosylated
micelles moderately enhanced expression of the DC
activation markers CD86 and major histocompatibility

complex II (MHCII) by a BMDC subset (Figure 12B).

Discussion

In chis study, p(HPMA)-block-P(LMA) polymer-
based micelles were synthesized and assayed in cellular
studies to evaluate their potential for immunothera-
peutic applications. Because of the prominent role of
DC as the most potent antigen presenting cell (APC)
population [55], we focused our analysis on the DC
binding and uptake properties of these micelle formu-
lations. Flow cytometry measurements showed that
nonmannosylated micelles scarcely bound BMDC
in agreement with previous studies [20]. In contrast,
for other types of nanoparticles, passive targeting to
myeloid cells including DC was demonstrated as medi-
ated by scavenger receptors [s6]. Therefore, p(HPMA)-
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block-P(LMA) block-copolymer-based micelles as
used in this study bear the advantage of low unspecific
binding. This raises the possibility of confering active
targeting of DC by conjugation of the corresponding
ligands that engage receptors on DC.

For this, we modified block copolymers with D-man-
nose, which binds both the mannose receptor CD206
as expressed by macrophages and DC, and DC-SIGN
(CD209a), which is specific for DC [57]. We observed
strongly enhanced binding of mannosylated micelles to
CD206* BMDC or to other cells known to express the
mannose receptor and not to, for example, T cells. This
binding was effectively blocked in the presence of the
competitor mannan [s8]. Similar findings were reported
for other types of mannose-conjugated nanoparticles
intended to target DC [59] or macrophages [60.61].

In our study, mannosylated micelles exerted no
intrinsic immunomodulatory effects on BMDC as
reflected by unaltered expression of MHCII and
CD86. In contrast, polyanhydride nanoparticles modi-
fied with dimannose [56] and mannosylated micelles
composed of DOTAP (liposomal transfection reagent)
and a-mannose-conjugated lipid [61] activated their
target cells. Of note, while mannose was reported to
initiate an anti-inflammatory program in DC and mac-
rophages via CD206, the polymannose mannan was
shown to mediate CD206-dependent activation of both
cell types [62]. It is tempting to speculate that the struc-

®

tural arrangement of mannose on the nanoparticle sur-
face, and the physicochemical properties of the carrier
system itself may determine immunomodulatory effects
of mannosylated nanoparticles. Anyway, an inert tar-
geting carrier system, as represented by mannosylated
HPMA-LMA block-copolymer-based micelles, may be
more feasible for immunotherapeutic approaches since
it allows to encapsulate adjuvants with defined stimula-
tory properties (63]. By this, the activation of targeted
APC may be directed toward an immunophenotype
that mediates specific T-cell polarization [64].

We confirmed that mannosylated p(HPMA)-block-
P(LMA) polymer-based micelles were internalized by
BMDC. In a number of studies, exogenous material
internalized by endocytotic activity of CD206 was
demonstrated to result in endosomal localization and
release into the cytoplasm [26]. Therefore, mannosylated
p(HPMA)-block-P(LMA) polymer-based micelles may
be loaded with adjuvants that bind to danger receptors
localized in endosomal membranes, like nucleic-acid-
sensing toll-like receptors (TLRs) (7.65]. Additionally,
adjuvants that engage cytoplasmatic danger receptors,
like NOD receptors and the inflammasome, may be
employed (66]. These different classes of danger recep-
tors transmit stimulatory signals via different pathways
that converge to mediate cell activation. We and oth-
ers have shown that parallel engagement of different
stimulator receptors may result in strong synergistic
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Figure 12. Stimulatory effects of L18-MDP loaded mannosylated micelles from P2a and P2b. Bone marrow-derived
dendritic cells (BMDCs) were incubated in parallel with different types of micelles (15 pg/ml) for 48 h. (A) Binding
of 0G488-labeled micelles to CD11c* BMDC was assayed after 48 h of incubation. (B) Stimulatory effects of

empty and L18-MDP-loaded (300 ng per sample) mannosylated micelles on BMDC pregated for CD11c* cells were

monitored by flow cytometry.
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effects [67]. Both the loading capacity of a nanoparticle
and the number of nanoparticles that are to be internal-
ized by a target cell are limiting factors. To compen-
sate for these limitations and to achieve more potent
cell activation, ongoing research is focused to assess the
outcome of codelivery of adjuvants that bind distinct
receptors by the same nanoparticle [68]. Alternatively,
adjuvants that engage different danger receptors [69]
may be used. So far, many micelle formulations bear a
hydrophilic core to be loaded, for example, with nucleic
acids to activate endosomal TLR [770-71]. In contrast,
mannosylated HPMA-LMA  block-copolymer-based
micelles bear a hydrophobic core and therefore are most
suitable to assess the efficacy of lipophilic adjuvants. As
a proof of concept, we show that loading of micelles
with L18-MDP as a ligand of the cytoplasmatic NOD2
receptor [s4] resulted in activation of a subset of BMDC,
which confirmed on functional level release of that
cargo into the cytoplasm. Similar results were obtained
for human-monocyte-derived DC treated with L18-
MDP loaded poly(lactic-co-glycolic acid) nanopar-
ticles [72]. Ongoing studies are focused on comparative
testing of more recently developed lipophilic adjuvants
which activate NOD or TLR receptors like CLO75 [73]
or receptors of both types in parallel as exemplified by
CL429 [69] to exploit potential synergistic effects.
Furthermore, uptake of mannosylated proteins by
CD206 was shown to result in cross presentation of
derived antigens [74]. Cross presentation of antigen via
MHCI (major histocompatibility complex) enables APC

to stimulate CD8* T cells which differentiate to cyto-
toxic T cells that kill antigen-expressing tumor cells [75].
We currently assess strategies to conjugate oligopeptide
antigens to the surface of mannosylated HPMA-LMA
block copolymers to enable the induction of antigen-
specific immune responses. Taken together, we aim to
develop this promising nanocarrier system to obtain
nanovaccines that target myeloid APC via mannose,
and codeliver antigen and adjuvants to achieve pre-
sentation of tumor-specific antigens and consequently
strong T-cell-mediated antitumor immune responses.

Supplementary data

To view the supplementary data that accompany this paper
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/nnm-2016-0167
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Executive summary

Background

Materials & methods

activator L18-MDP.

DC and macrophages.

and bone marrow-derived DCs.
Results

specific manner.

Conclusion

nanovaccines.

e Successful tumor immunotherapy depends on the induction of strong and sustained tumor antigen-specific
immune responses by activated antigen presenting cells (APC) like dendritic cells (DCs).

¢ Since nanoparticles have the potential to codeliver tumor-specific antigen and DC-stimulating adjuvant
in a DC-targeting manner we wanted to assess the suitability of mannosylated N-(2-hydroxypropyl)
methacrylamide (HPMA)—-lauryl methacrylate (LMA) block polymers for immunotherapy.

e Fluorescence-labeled block-copolymer micelles derived from p(HPMA)-block-P(LMA) copolymers and
corresponding statistical copolymers were synthesized via RAFT polymerization and loaded with the APC

e Both types of copolymers were conjugated with D-mannose to target the mannose receptor as expressed by
e The extent and specificity of micelle binding and activation of APC was monitored using mouse spleen cells
¢ Nontargeting HPMA-LMA statistical copolymers showed strong unspecific cell binding.

¢ HPMA-LMA block copolymers bound DC only when conjugated with mannose, and in a mannose receptor-

e Mannosylated HPMA-LMA block copolymers were internalized by DC.
e DC-targeting HPMA-LMA block copolymers mediated DC activation when loaded with L18-MDP.

e Mannosylated HPMA-LMA block copolymers are a promising candidate for the development of DC-targeting
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ABSTRACT: Poly(2,3-dihydroxypropyl methacrylamide) (P(DHPMA))-based
amphiphilic block copolymers have recently proven to form polymer vesicles
(polymersomes). In this work, we further expand their potential by incorporating
(i) units for pH-dependent disintegration into the hydrophobic membrane and (ii)
mannose as targeting unit into the hydrophilic block. This last step relies on the use
of an active ester prepolymer. We confirm the stability of the polymersomes against
detergents like Triton X-100 and their low cytotoxicity. The incorporation of 2-
(2,2-dimethyl-1,3-dioxolane-4-yl)ethyl methacrylate into the hydrophobic block
(lauryl methacrylate) allows a pH-responsive disintegration for cargo release.
Efficient decomposition of the polymersome structure is monitored by dynamic
light scattering. It is thus possible to include an active enzyme (glucose oxidase),
which gets only active (is set free) after vesicle disintegration. In addition, the
introduction of mannose as targeting structure allows enhanced and selective

OH
o
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targeting of dendritic cells.

B INTRODUCTION

Nanosized block copolymer vesicles (polymersomes) with an
aqueous core are currently investigated as potential drug
carriers.'”” Their prominent advantage compared to many
other types of nanoparticles is the ability to serve as universal
carriers for both hydrophilic and hydrophobic cargo without
requiring any substance-specific ligation chemistry. Compared
to liposomes—their small-molecule counterparts—most types
of polymersomes exhibit a superior mechanical stability, and
their membranes are less fluid and permeable. The key factor
contributing to this phenomenon is the high molecular weight
of the membrane-forming hydrophobic block.® The average
molecular weight of the entire amphiphilic polymer chains can
exceed the mass of common phospholipids by up to 2 orders of
magnitude.5 The high molecular weight of such block
copolymers results in a decreased exchange rate and critical
assembly concentration, a hampered lateral diffusion and
membrane thicknesses of about 10 to 50 nm.” Furthermore,
the bulky outer hydrophilic block can lead to a decreased
interaction with biological media such as serum proteins
(stealth-like effect), as long as no net charges are present.'’”"

For many years, polyethylene glycol (PEG) has been the
hydrophilic material to be employed most often for colloidal
stabilization and shielding of nanoparticles including polymer-
somes.'*'° It can be synthesized to yield narrow dispersities
over a broad range of molecular weight and can therefore be

1 i © 2016 American Chemical Society
7 ACS Publications
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tuned precisely to fit the respective application. Furthermore,
due to the absence of surface charges, the aforementioned
stealth-like effect is particularly strong. However, the further
functionalization of PEG-based nanoparticles is hampered by
the lack of sites for modification. The —CH,— CH, —O-—
repeating unit is inert to selective functionalization, and thus
only the hydroxyl end group is left for modification. Hence, no
multivalent functionalization and simultaneous attachment of
different labels are possible.

We have recently presented a way to prepare polymersomes
from amphiphilic block copolymers with poly(2,3-dihydroxy-
propyl methacrylamide) (P(DHPMA)) as the hydrophilic
block."” P(DHPMA) is similar to the biocompatible polymer
poly(2-hydroxypropyl methacrylamide) (P(HPMA)). Addi-
tionally, as in the case of P(HPMA), this hydrophilic polyamide
can be synthesized via the conversion of an activated ester
polymer precursor with a suitable amine (here 2,3-dihydroxy-
propylamine). Thus, the addition of further amines during the
aminolysis of the activated ester polymer enables a versatile and
multivalent functionalization of the hydrophilic block. This can

give rise to a broad range of applications.lg_24
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Scheme 1. Synthesis of P(DHPMA)-b-P(LMA)-Based Block Copolymers by RAFT Polymerization
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“For the acid degradable analogous polymer see Scheme 3.

Employing the process of dual centrifugation (DC)—
hitherto known in liposome formation”*—we were able to
form vesicles from these amphiphilic P(DHPMA)-based block
copolymers and load them with water-soluble molecules such
as hydrophilic dyes and siRNA. High encapsulation efficiencies
of about 30% were achieved. This makes the new polymer-
somes promising candidates as nanosized drug carriers.

However, there are more requirements that polymersomes
have to meet to be used as drug carriers. This includes active
targeting and a stimulus-responsive release of cargo. Active
targeting becomes especially important if special cells of the
immune system like dendritic cells are to be addressed.*®
Synthetic routes via active ester intermediates facilitate the
attachment of targeting ligands for receptor-mediated cell
uptake. Such a ligand facilitates selective and enhanced cellular
uptake into the desired cell population once the particle has
reached the target tissue by passive diffusion-controlled
mechanisms (EPR, passive te\rgeting).27’28 The other important
factor is the stimulus-responsive release of cargo. Since the
thick polymersome membrane is an effective barrier to separate
the inner compartment from the outer aqueous phase, it is
tough for the cargo—especially substances of higher molecular
weight such as oligonucleotides or even proteins—to escape
from the vesicle within an appropriate time frame (hours).

Here we describe the double functionalization of these
amphiphilic block copolymers both within the hydrophilic
P(DHPMA) corona and the hydrophobic part. To make the
hydrophobic part acid-degradable, ketal-containing monomers

3306

are incorporated. Alternatively, mannose is incorporated into
the hydrophilic block via active ester chemistry for the targeting
of dendritic cells.

B MATERIALS AND METHODS

All reagents and solvents were purchased from Acros Organics, Carl
Roth, eBioscience, Fisher and Sigma-Aldrich and used without further
purification unless stated otherwise. Cyclohexane, 1,4-dioxane,
tetrahydrofuran (THF), and triethylamine were purified and dried
according to standard procedures prior to use.

Lauryl methacrylate (LMA) was subjected to vacuum distillation
prior to use to remove the stabilizer.

2,2' Azobis(isobutyronitrile) (AIBN) was recrystallized from diethyl
ether and stored at —20 °C.

Sephadex CL-2B/4B was stored in 20% ethanol and flushed with
phosphate-buffered saline (PBS, Dulbecco’s phosphate-buffered saline,
ThermoFisher) prior to use.

Characterization. NMR spectra were recorded using Bruker
Avance IIT HD 300 (300 MHz '"H NMR), Avance III HD 300 (300
MHz 'H NMR) and Avance II 400 (400 MHz 'H NMR; 100 MHz
BC NMR; 377 MHz ""F-NMR) spectrometers. Measurements were
performed at room temperature and analyzed with MestReNova 9.0.0
software.

Gel permeation chromatography (GPC) was performed using
tetrahydrofuran as an eluent. For molecular weight determination, a
setup from Jasco was employed, consisting of a HPLC pump PU 1850,
an autosampler AS 1555 and detectors UV 1575 (UV-detection, 4 =
254 nm) and RI 1530 (refractive index-detection). The column was
packed with cross-linked styrene-divinylbenzene copolymers of pore
sizes 102, 104, and 106 A. For calibration, polystyrene standards by
PSS Polymer Standards Service were used. The sample concentration

DOI: 10.1021/acs.biomac.6b01049
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Table 1. Reaction Batches Homopolymers H1—H4 and Statistical Copolymer SC

polymer monomer [mol] CTA [mol] AIBN [mol]  yield [g] M, [gmol™'] b
H1 (P(PFPMA),;) 7.92 x 1073 391 x 107* 3.96 x 107° 1.09 6100 131
H2 (P(PFPMA),,) 1.75 X 1072 7.36 x 107 6.42 x 107° 3.02 8100 1.34
H3 (P(PFPMA);;) 1.20 X 1072 5.04 x 107 440 x 1075 1.67 8400 1.29
H4 (P(LMA),3) 1.18 X 1072 6.36 x 107 633 x 107° 1.01 3500 1.08
SC (P(LMA) ¢-stat-(DDEMA)) 3.93 X 107 (LMA) + 1.68 X 10~ (DDEMA) 1.65 x 107* 275 x 107° 0.55 6200 1.13
Table 2. Reaction Batches PFPMA-b-LMA Block Copolymers
polymer homopolymer [mol] 2nd monomer [mol] AIBN [mol] yield [g] M, [gmol™] b
BC1 (P(PFPMA),;-b-P(LMA),,) 4.57 x 107° (H1) 114 x 107* 597 x 107¢ 0.48 11500 1.23
BC2 (P(PFPMA),s-b-P(LMA),;) 124 x 107* (H4) 1.84 X 1073 1.20 X 107° 0.69 7200 1.20
BC3 (P(PFPMA);,-b-P(LMA) ) 1.10 x 107* (H2) 226 x 1073 1.38 X 107° 1.24 12100 1.16
BC4 (P(PFPMA);;-b-P(LMA),;) 143 X 107* (H3) 7.12 X 1073 146 X 107° 2.51 15500 1.21

was set to 2 mg/mL. As an internal standard, toluene (0.2%) was
added to each sample. The flow rate was adjusted to 1 mL/min.

For dynamic light scattering (DLS) experiments, colloidal
dispersions in PBS buffer were prepared and filtered into dust free
cylindrical scattering cells (Suprasil, 20 mm diameter, Hellma,
Miihlheim, Germany) in a dust free flow box using Millex LCR 0.45
um filters.

DLS measurements were performed using a Uniphase He/Ne Laser
(4 = 632.8 nm, 25 mW), an ALV-SP12S goniometer, an ALV/High
QE APD Avalanche photo diode with fiber optical detection, an ALV
5000/E/PCI correlator, and a Lauda RC-6 thermostat unit at 20 °C.
Angular dependent measurements were carried out in the range of
30°—150° at steps of 15°. Experimental intensity correlation functions
were transformed into amplitude correlation functions applying the
Siegert relation extended to include negative values after baseline
subtraction by calculation g;(t) = SIGN (G,(t))-SQRT(ABS(G,(t) —
A)/A), with A the measured baseline and G,(t) the experimental
intensity correlation function. The field correlation functions were
fitted by a sum of two exponentials g,(t) = a-exp(—t/b) + c-exp(—t/d)
to take polydispersity into account. Average apparent diffusion
coefficients D,,, were obtained by applying q2-Dy,, = (ab — 1 + ¢d
— 1)/(a+ c) resulting in an angular-dependent diffusion coefficient or
reciprocal hydrodynamic radius (1/Ry),,,- The z-average hydro-
dynamic radii R, were obtained by extrapolation of (1/Ry),, to q =
0. The normalized second cumulant p, was calculated using a
cumulant fit at 90°.

UV/vis spectra and absorption and transmission measurements
were recorded using a V-630 (Jasco) spectrometer. The quartz glass
cuvettes (Hellma Analytics) had a light path of 10 mm. The
spectrometer was kept at a temperature of T = 20 °C using a Jasco
ETC-717 Peltier element. Data analysis was performed using the Jasco
Spectra Manager 2.04 software.

Monomer Synthesis. Pentafluorophenyl methacrylate (PFPMA)
was synthesized according to a procedure published by Eberhardt et
al.

2-(2,2-Dimethyl-1,3-dioxolane-4-yl)ethyl methacrylate (DDEMA)
was synthesized in a one-step nucleophilic substitution via the
Schotten—Baumann method: 4-(2-Hydroxyethyl)-2,2-dimethyl-1,3-
dioxolane (m = 5.0 g; 342 mmol) was dissolved in 100 mL of
anhydrous dichloromethane under an argon atmosphere together with
4.15 g (41.0 mmol; 1.2 equiv) triethylamine. The flask content was
cooled to 0 °C and 3.93 g of methacryloyl chloride (37.6 mmol; 1.1
equiv) were added dropwise while stirring. The mixture was allowed to
warm up to room temperature and stirred for another 15 h. The
colorless precipitate was filtered off, and the organic phase was washed
with 3x 50 mL of water and dried with magnesium sulfate. After
concentration using a rotary evaporator, the slightly yellow liquid was
purified via column chromatography (eluent: cyclohexane/ethyl
acetate, 6:1 v/v). DDEMA was yielded as a colorless oil; m = 4.28 g
(20.0 mmol; 58.4%).

'H NMR (400 MHz, CDCL): & [ppm] = 6.12 (s, 1H, C=CH,-
cis); 5.59 (s, 1H, C=CH,-trans); 4.32 (m, 1H, —O—CH—-CH,-);

3307

422 (m, 2H, ~COO—CH,—); 4.10 (dd, J, = 7.0 Hz; ], = 1,1 Hz, 1H,
—0—CH,—CH-); 3.62 (dd, J, = 7.0 Hz; J, = 1.1 Hz, 1H, ~O—CH,—
CH-); 2.06—1.89 (m, 2H, ~COO—CH,—CH,-); 1.97 (s, 3H, CH,—
C(C H,)-); 143 (s, 3H, CH;—C(C H,)-0); 1.38 (s, 3H, CH;—
C(CH;)-0-).

Synthesis of the Mannose Linker. The mannose linker H,N-
Man (Scheme 1) was synthesized according to a procedure developed
by Mohr.*

Polymer Synthesis. The synthesis of PFPMA-based amphiphilic
block copolymers was performed using a modification of the
procedure published by Barz et al.*'

In a first step, the homopolymers H1—-H4 were produced from
PFPMA or LMA via reversible addition—fragmentation chain transfer
(RAFT) polymerization to serve as macromolecular chain transfer
agents for the generation of diblock copolymers. The respective
amounts of monomer and 4-Cyano-4-((thiobenzoyl)sulfanyl)-
pentanoic acid as a chain transfer agent (CTA) were dissolved in
anhydrous dioxane in a Schlenk tube. A solution of AIBN in anhydrous
dioxane was added before the tube was sealed and instantly immersed
into liquid nitrogen. The total amount of dioxane corresponded to 1.5
mL per gram of monomer. The reaction mixture was submitted to
three freeze—pump—thaw cycles and then stirred in vacuo at 65 °C for
19 h. The reaction was quenched by precipitation of the homopolymer
in cold hexane, followed by centrifugation (4000 rpm, 1S min) and
resolvation in anhydrous dioxane. After two more precipitation steps,
the polymers were dried in vacuo (40 °C, 16 h) to yield a pink-colored
solid (H1—H3) or viscous oil (H4) (Table 1).

To synthesize a statistical copolymer SC containing LMA and
DDEMA, the monomers were mixed at a given ratio (Table 1). All
other steps were conducted according to the procedure for
homopolymer synthesis.

H1—H3. '"H NMR (400 MHz, CDCL,): § [ppm] = 2.55—1.90 (br,
2H, —CH,—); 1.65—1.18 (br, 3H, —CH;).

YF.NMR (377 MHz, CDCL,): § [ppm] = —151.30 to —153.50 (br,
2F, 0-ArF); —157.60 to —158.60 (br, 1F, p-ArF); —162.65 to —163.70
(br, 2F, m-ArF).

H4. "TH NMR (400 MHz, CDCL,): § [ppm] = 4.02—3.78 (br, 2H,
—COO0—CH,-); 1.96-0.83 (br, 23H, —CH,—, —CH,—).

SC. '"H NMR (400 MHz, CDCL): 5 [ppm] = 4.37—4.25 (br, 1H,
—O0—CH-CH,-); 4.12—3.86 (br, 7.38H, —COO—CH,— LMA, —O—
CH,—CH-); 3.85—3.73 (br, 2.09H, —-COO—CH,— DDEMA); 2.65—
0.82 (br, 84,71H, —C(CH,),, —CH, (LMA side chain), —COO—
CH,—CH,— (DDEMA), —CH,— (backbone DDEMA/LMA), —CH,
(backbone DDEMA/LMA), —CH; (LMA)).

P(PFPMA)-b-P(LMA) block copolymers were synthesized by
employing the homopolymers H1—H4 as macro-chain transfer agents
in combination with the respective second monomer (Table 2).

The homopolymers were dissolved in anhydrous dioxane and
transferred into a Schlenk tube together with the second monomer,
and AIBN, dissolved in further dioxane, was added (total amount of
solvent: 4 mL per gram of polymer). The reaction mixture was
submitted to three freeze—pump—thaw cycles and then stirred in
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Table 3. Reaction Batch DDEMA-Containing Block Copolymer BS

stat. copolymer [mol]
4.80 X 107°

polymer
BS (P(PEPMA),,-b-P(LMA-stat- DDEMA))

PFPMA [mol]
1.05 x 1073

AIBN [mol]
6.09 x 107

M, [g-mol’l]
10,700

b
1.11

yield [g]
041

Table 4. Reaction Batches of Nonfunctionalized Block Copolymers P1—P3 and Acid-Labile P4

block copolymer ield hydrophilic weight
polymer [mol DHPA [mol]  NEt; [mol] mg] M, [g:mol™'] fraction f
P1 (P(DHPMA),;-b-P(LMA),,) 9.13 X 107° (BC1) 417 x 107 834 x 107 73.0 9100 0.398
P2 (P(DHPMA) 5-b-P(LMA) ;) 248 X 107° (BC2) 740 x 107* 148 x 1073 126.1 5600 0.420
P3 (P(DHPMA);;-b-P(LMA),;) 3.31 X 10~ (BC4) 431 x 107 861 x 1073 353.1 12200 0415
P4 (P(PFPMA),;-b-P(LMA j¢-stat-DDEMA) ) 1.35 X 107° (BS) 439 x 107" 8.80 x 107* 110.0 8800 0.348
Table S. Reaction Batches of Mannose- and Dye-Functionalized Polymers
block copolymer mannose ield hydrophilic
polymer [mol] [mol] 0OG488 [mol] DHPA [mol]  NEt; [mol] mg] M, [gmol™'] weight fraction f
PS5 P(DHPMA-stat-OG),-b- 625 x 107° 195x107° 778 x 107 156 X 107° 563 8900 0.554
P(LMA) ¢
PSM P(DHPMA-stat-Mann-stat-  6.06 X 107° 150 X 107° 1.8 x 107° 752x 107" 1.05x 107 527 o ¢
0G);;-b-P(LMA) ¢
P6 P(DHPMA-stat-OG)43-b- 1.28 X 107° - 401 X 107° 160 X 107 321 X 107> 1444 12200 0.415
P(LMA),q
P6M P(DHPMA-stat-Mann-stat-  1.29 X 107° 325X 107 407 X 107 163 x 107 326 X 107°  103.6 “ ¢

OG)33-b-P(LMA),5

vacuo at 65 °C for 55 h. The reaction was quenched by precipitation of
the polymer in cold methanol, followed by centrifugation (4000 rpm,
30 min) and resolvation in anhydrous dioxane. After two more
precipitation steps, the polymers were dried in vacuo (40 °C, 16 h) to
yield pink-colored solids of rubber-like texture.

'H NMR (400 MHz, CDCLy): 8 [ppm] = 3.96-3.68 (br, 2H, —O—
CH,—CH,—); 2.70—0.78 (br, 33.57H (BC1)/34.34H (BC2)/38.67H
(BC3)/33.89H(BC4), —CH,— (backbone PEPMA/LMA), —CH,
(backbone PFPMA/LMA), —CH,— (LMA side chain), —CHj,
(backbone PFPMA/LMA)).

E-NMR (377 MHz, CDCL,): § [ppm] = —151.30 to —153.50 (br,
0-ArF); —157.60 to —158.60 (br, p-ArF); —162.65 to —163.70 (br, m-
AF).

The statistical copolymer SC was used as a macro-CTA to produce
a PFPMA-containing block copolymer structure BS (Table 3). The
synthesis was performed analogue to the P(PFPMA)-b-P(LMA)
copolymers except that the mixture was stirred at 70 °C for 72 h.

"H NMR (400 MHz, CDCL): & [ppm] = 4.37—4.25 (br, 1H, —O—
CH—CH,-); 4.12-3.86 (br, 7.33H, —COO—CH,— LMA, —O—
CH,—CH-); 3.85—3.73 (br, 2.15H, ~COO—CH,— DDEMA); 2.65—
0.82 (br, 103.81H, —C(CHj,),, —CH, (LMA side chain), —COO—
CH,—CH,— (DDEMA), —CH,— (backbone DDEMA/LMA/
PFPMA), —CH,; (backbone DDEMA/LMA/PFPMA), —CH,
(LMA)).

The substitution of the block copolymers’ reactive dithiobenzoate
groups was achieved by substitution with AIBN via the Perrier
method.”* The polymers were dissolved in anhydrous dioxane and
stirred together with a 30X molar excess of AIBN at 65 °C under an
argon atmosphere until the characteristic UV absorption band of the
dithiobenzoate group at A, = 310 nm could no more be detected
(usually around S h). After three precipitation steps analogue to the
block copolymer synthesis, the end group-substituted polymers were
yielded as colorless solids of rubber-like texture.

The P(PFPMA)-b-P(LMA) polymers were converted into the
amphiphilic P(DHPMA)-b-P(LMA) block copolymers P1-P3 by
polymer—analogue conversion of the reactive pentafluorophenyl
(PFP) ester with 2,3-dihydroxypropylamine (DHPA) (Table 4).

The respective PEPMA-based prepolymer was dissolved in dioxane
in a Schlenk tube under Argon (10 mL per gram of polymer). Two
equivalents of DHPA and 4 equiv of triethylamine per PFPMA
repeating unit, dissolved in DMSO (4 mL per gram of polymer), were
added, and the mixture was stirred at 50 °C. After 17 h, a second
identical charge of DHPA and triethylamine in DMSO was added, and
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the mixture was stirred for 24 h. Then the Schlenk tube was cooled to
room temperature and the solvents were removed by dialysis against
Milli-Q water and subsequent lyophilization. The polymers P1-P3
were obtained as fluffy, colorless substances.

The conversion of BS into the corresponding amphiphilic block
copolymer P4 (Table 4) was conducted analogously to the procedure
described for the synthesis for P1, P2, and P3.

In order to determine the block compositions by 'H NMR
spectroscopy, data obtained from the P(PFPMA)-b-P(LMA)
precursor polymers BC1-BC4 were used because of the overlapping
broad signals of the hydroxyl groups that were introduced in the final
synthetic step during the active ester conversion to P1—P4. Because of
this overlap, no reliable information could be obtained from the final
amphiphilic polymers and no integrals are given for the corresponding
signals. To determine the block compositions, the integral of the a-
methylene group of LMA (BC1-BC4) was defined as I = 2. The
signals of the CTA protons could be disregarded in good
approximation. The signals belonging to the remaining lauryl ester
protons as well as the polymer backbone were summarized and
subtracted by I = 28 accounting for the other protons of the LMA
repeating unit. The residue gave the integral corresponding to the S
protons of the PFPMA repeating unit and enabled the calculation of
the molar ratio of PFPMA and LMA. After the conversion of PFPMA
into hydrophilic DHPMA, the hydrophilic weight fraction f was
obtained by multiplication of the relative molar ratio of DHPMA with
the molecular mass of the DHPMA repeating unit and division by the
sum of the relative molar contents of DHPMA and LMA, each
weighted by their individual molecular mass ((Mpypya = 159.18 g/
mol; My = 254.41 g/mol).

P1—P3. 'H NMR (400 MHz, CDCl,/MeOH-d,): & [ppm] = 3.95—
3.68 (br, —O—CH,—CH,—); 3.35-3.05 (br, O=CNH-CH,-);
2.96—2.66 (br, —-CHOH—CHj,); 2.59—0.51 (br, —CH,— (backbone
DHPMA/LMA), —CH, (backbone DHPMA/LMA), —CH,— (LMA
side chain)).

BC NMR (100 MHz, CDCl;/MeOH-d,): § [ppm] = 177.99
(—CON-); 177.68 (—COO-); 77.43 (-NH—-CH,—COH-); 65.14
(HO-CH,-); 64.32 (COO—CH,-); 54.32 (—CH,— backbone);
54.16 (—CH,— backbone); 45.14 (—NH—CH,—); 44.90 (Cg.
backbone); 44.75 (Cu backbone); 31.93 (COO-CH,—CH,-);
29.63/29.60/29.53/29.33/28.21/28.10 (—CH,— side chain); 26.06
(CH;—CH,—CH,—); 22.68 (CH;—CH,—); 18.38 (CH; backbone);
16.45 (CH, backbone); 14.01 (CH;—CH,—).
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P4. 'TH NMR (400 MHz, DMSO-di): § [ppm] = 4.95—4.72 (br,
—CHOH-); 4.67—4.40 (br, —CH,0OH); 3.90-3.45 (br, —COO—
CH,— LMA, —COO-CH,— DDEMA, —-NH-CH,—); 2.95—0.27 (br,
—C(CH,;),, —CH, (LMA side chain), —COO—CH,—CH,—
(DDEMA), —CH,— (backbone DDEMA/LMA/DHPMA), —CH,
(backbone DDEMA/LMA/DHPMA), —CH, (LMA)).

The polymers BC3 and BC4 were converted into mannose-
containing amphiphilic polymers PSM and P6M and their non-
mannosylated equivalents PS and P6 in an analogue reaction.
Additionally, all these four polymers were labeled with Oregon
Green 488 (0OG488) for fluorescence-based detection (Table 5).

For dye labeling, a solution of OG488 cadaverine in anhydrous
DMSO was added to the polymer solution together with 5 uL of
triethylamine. After S h of stirring under argon at 35 °C, the
conversion of the remaining PFPMA repeating units with DHPA was
conducted according to the aforementioned protocol (see preparation
of P1—-P4). For additional mannose labeling, the mannose linker was
dissolved in anhydrous DMSO and added to the polymer solution
together with S L of trimethylamine prior to the addition of OG488.
After stirring at S0 °C (PS: 8 h; P6: 24 h), the further procedure for
dye labeling was conducted as described above.

BC NMR (100 MHz, inverse gated, CDCLy): & [ppm] = 179.3—
176.2 (m, O=CNH-); 100.4—100.0 (m, C,-mannose).

Vesicle Preparation. Vesicle formation for cytotoxicity evaluation
and cell uptake studies was achieved by the solvent switching method.
4.5 mg of the respective Polymers P1/P2/P5/P5SM/P6/P6M were
dissolved in 0.5 mL of DMSO by 3 h of agitation using a
ThermoMixer (Eppendorf) at 800 rpm (30 °C). While stirring,
these solutions were infused with 2 mL of PBS buffer at a rate of 0.03
mL/h using a PHD 2000 syringe pump (Harvard Apparatus). The
obtained highly turbid vesicle dispersions were dialyzed against PBS to
remove the organic solvent.

For preparation via dual centrifugation, 2 mg of the respective
lyophilized powders were weighed into 0.2 mL Eppendorf vials and
incubated with 8 uL of the aqueous phase (PBS or a PBS-based
solution of the cargo to be encapsulated) at room temperature for 30
min. 47 mg of ceramic beads (@ = 0.3—0.4 mm) were added, and the
samples were homogenized for 2 X 16 min in a Rotanda 400
centrifuge (Hettich/Tuttlingen) at a rotating velocity of 2500 rpm.
Afterward, 19.1 uL of further aqueous phase (PBS) were added and
the samples were centrifuged for another 2 X 2 min.

Detergent-Based Stability Assay. Vesicle dispersions of P3 in
PBS were produced by solvent switching as described above and
extruded 21x through a polycarbonate membrane (Whatman
Nuclepore Track-Etched Membranes, d = 200 nm) to yield narrowly
distributed polymersomes of R, = 100 nm. In an analogous fashion,
liposomes from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
were produced as control. Concentrations were adjusted to ¢ = 10 mg/
mL. After an initial DLS measurement of the pure vesicle dispersions
(performed as described above), rising amounts of Triton X-100 were
added (see Figure 2). In order to avoid dilution effects, the
concentrations of the detergent solutions were chosen not to dilute
the original dispersion by more than 20% after the maximum amount
of detergent was reached.

Glucose Oxidase Assay. In order to test the permeability of the
membrane of P4 vesicles for high molecular weight substances such as
enzymes, an assay based on the enzymatic determination of the blood
glucose concentration was set up. Glucose oxidase (GOx, from
Aspergillus niger, 200 U/mg; Sigma-Aldrich) was loaded into vesicles.
Loading was achieved by dual centrifugation (DC). Two milligrams of
lyophilized powders of P4 or DPPC, respectively, was weighed into 0.2
mL Eppendorf vials and incubated with 8 yL of a GOx solution (0.15
mg/mL) in PBS at room temperature for 30 min. Forty-seven
milligrams of ceramic beads (@ = 0.3—0.4 mm) was added, and the
samples were homogenized for 2 X 16 min in a Rotanda 400
centrifuge (Hettich/Tuttlingen) at a rotating velocity of 2500 rpm.
Afterward, 19.1 uL of pure PBS buffer were added and the samples
were centrifuged for another 2 X 2 min. The nonencapsulated enzyme
was separated by size exclusion chromatography using Sepharose CL-
2B. Separation was carried out in a flow box employing 7 yL batches of
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the raw vesicle dispersions. The encapsulation efliciency and therefore
the GOx content in the vesicle dispersions was quantified via the
separately performed encapsulation of Alexa Fluor 647 SE fluorescent
dye and quantification of the amount of dye separated from the
vesicles via Beer—Lambert law by measuring the transmission of the
separated liquid phase at 4 = 650 nm via UV/vis spectrometry.
Encapsulation efficiencies of EE (P4) = 18.8% and EE (DPPC) =
26.8% were yielded that corresponded to the order of magnitude
previously reported."”

After removal of the free enzyme, the vesicle dispersions were added
to a solution of p-(+)-glucose, horseradish peroxidase (HRP) and 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) in PBS.
Additionally, a sample containing this solution and an equivalent
amount of nonencapsulated GOx was prepared as a control. The final
GOgx-concentration in each sample was 2.5 ug/mL while the samples
contained 25.0 yM/L glucose, 18.8 ug/mL HRP, and 50.0 ug/mL
ABTS. Total volumes were adjusted to V' = 2.0 mL. The absorption of
the samples at A, = 415 nm was determined via UV/vis spectrometry
from the respective directly measured transmission data, starting
immediately after sample preparation. A detector fluctuation of AT =
0.03 was used to calculate the uncertainty of the absorption values. In
the case of GOx encapsulated in polymersomes, an excess of Triton X-
100 detergent (V = 20 uL) was added after 1456 min to disintegrate
the vesicles and release the encapsulated GOx.

Vesicle Degradation. The pH-dependent degradation of the
vesicles was studied using vesicles prepared from P4 and P$ via the
solvent switching method. The vesicles were prepared in Milli-Q water
containing 5 mM NaCl and were extruded 21x through a
polycarbonate membrane (Whatman Nuclepore Track-Etched Mem-
branes, d = 200 nm) to yield narrowly distributed polymersomes of Ry,
= 100 nm. The vesicle dispersions were aliquoted and the pH of the
samples was adjusted to pH 6.5 and pH 4.5 using hydrochloric acid.
The final polymer concentration was set to 10 mg/L. The samples
were incubated at 37 °C for 48 h/S3 h and examined via DLS.

Cell Viability. The influence of P(DHPMA)-b-P(LMA)-based and
DDEMA-modified polymersomes on the viability of HEK293T cells
was tested using a CellTiter96 Non-Radioactive Cell Proliferation
Assay (MTT) Kit (Promega). The cells were seeded in a 96-well plate
(12 500 cells/well) and were incubated with vesicle dispersions of P1/
P2/P4 in PBS buffer, contained in a total volume of 100 uL. The
concentration range tested was 0.01—0.1 mg/mL and the assay was
performed using hexaplicates of each sample. The samples were
incubated at 37 °C for 24 h before 30 uL of the MTT substrate
solution were added to each aliquot and the cells were incubated for
another 4 h. 100 uL of the “solubilization solution/stop mix” were
added. After 1 h, the absorption at A,,, = 570 nm was measured.

Particle Uptake. In order to examine the relative cell uptake of
vesicles from PS and P6 and their mannosylated counterparts PSM
and P6M, murine bone marrow-derived dendritic cells (BMDCs) were
seeded into 12-well plates (250,000/well) after isolation and 1.25 mL
of FACS medium (Iscove’s modified Dulbecco’s medium (IMDM),
containing 5% fetal calf serum (FCS), 5% granulocyte macrophage
colony-stimulating factor, 1% penicilin/streptavidin, 1% glutamine,
and 1% p-mercaptoethanol) were added. On the third day of
incubation, 500 L of the culture medium were substituted for 500 uL
of fresh medium. On the seventh day, the culture volume was reduced
to 750 uL and 750 uL of the respective vesicle dispersion were added
at a total polymer concentration of 3 yig/mL. The cells were incubated
with the particles for 24 h at 37 °C before they were washed with PBS
buffer containing 2% FCS to removed particles that had not been
taken up. After harvesting for data acquisition, the cells were
distributed to FACS tubes (BD, #352008, 0.2—0.5x 10° cells per
tube) and incubated with surface marker a-ms CD206-BV421 (2.5 uL,
eBioscience) at 0 °C for 20 min. Afterward, the samples were washed
with 1 mL of FACS medium, fixed with 0.5 mL 0.7% PFA, and stored
in the dark at 4 °C until measurements were taken. The particle uptake
was quantified measuring the fluorescence intensity of the covalently
attached Oregon Green 488 dye.
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Table 6. Characterization of P(DHPMA)-Based Polymers and Vesicles

polymer block composition M," [grmol™']
P1 P(DHPMA),;-b-P(LMA),, 9100
P2 P(DHPMA) 5-b-P(LMA) 5 5600
P3 P(DHPMA);-b-P(LMA), 12200
P4 (P(PEPMA),,-b-P(LMA ¢-stat- DDEMA)) 8800
Ps P(DHPMA-stat-OG),,-b-P(LMA) 5 8900
PsM P(DHPMA-stat-Mann-stat-OG),-b-P(LMA) 4 ¢
P6 P(DHPMA-stat-OG) 13-b-P(LMA) 55 12200
P6M P(DHPMA-stat-Mann-stat-OG)3-b-P(LMA) 5

“Examined by THF-GPC from the respective PFPMA-based prepolymer.

solvent switching. “Prepared by DC.

p“ hydrophilic weight fraction, f B R, [nm]° Uy
123 0.40 101 0.15
1.20 0.42 98 0.16
121 042 175 0.17
127 0.35 105/84¢ 0.11%/0.16°
116 0.55 134 0.11
1.16 0.55 137 0.13
121 042 174 0.17
121 042 181 0.16

“Examined by 'H NMR spectroscopy. “Examined by DLS “Prepared by

Figure 1. CryoTEM of Polymersomes formed from (a) P1, (b) P2, (c) P4.

B RESULTS AND DISCUSSION

Our approach to functionalize the polymersomes for controlled
release is the incorporation of an acid-labile comonomer into
the hydrophobic block of the amphiphilic polymers. Zhang and
Louage used (2,2-dimethyl-1,3-dioxolane- 4-yl)methyl acrylate
(DMDMA) to synthesize amphiphilic block copolymers that
assembled into micelles which decomposed through the
hydrolysis of the hydrophobic block.**** Inspired by their
work, we developed a hydrolyzable ketal monomer that is both
suitable for RAFT polymerization and will survive the basic
reaction conditions of the polymer-analogue PFPMA-con-
version without serving as an activated ester itself. We
demonstrate the disintegration of vesicles formed from block
copolymers that contain this ketal monomer as a part of their
hydrophobic block.

Furthermore, we demonstrate the straightforward modifica-
tion of active ester-based vesicles with a mannose targeting
ligand for the enhanced uptake into bone marrow-derived
dendritic cells (BMDCs). These cells overexpress mannose-
binding lectins on their surface and hence are able to take up
particles via receptor-mediated endocytosis. We have recently
presented the synthesis of a mannose derivative that was
equipped with an amine functional unit through a hydrophilic
linker.”® Using this amine group, we were able to link the
mannose targeting moiety to an amphiphilic block copolymer
via activated ester chemistry. The mannose-labeled polymers
assembled into micellar aggregates and were taken up by
BMDCs via receptor-mediated endocytosis.”® Here, we apply
this technique to label P(DHPMA)-b-P(LMA) block copoly-
mer vesicles.

The synthesis of P(DHPMA)-b-P(LMA) in block composi-
tions suitable for vesicle formation was achieved as reported
previously (see Scheme 1)."”
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Starting from either PFPMA or LMA, homopolymers were
produced by RAFT polymerization that were still bearing the
active dithiobenzoate end group and could therefore be used as
macro initiators to synthesize P(PFPMA)-b-P(LMA) block
copolymers. After the dithiobenzoate groups were substituted
with AIBN following the Perrier method,** the final
amphiphilic copolymers were obtained by the aminolysis of
the activated PFP ester functional units with DHPA. The
amphiphilic block copolymers P1, P2, and P3 were obtained,
ranging from M, = 5600—12200 g/mol and exhibiting
hydrophilic weight fractions around f = 0.4. The dispersities
were around D = 1.2, which is typical of PEPMA-derived block
copolymers prepared via RAFT polymerization (Table 6).*° In
addition, pH degradable (P4, Scheme 3) and mannose-
functionalized block copolymers (PSM/P6M, Scheme 1)
were prepared. They will be discussed later.

We previously examined the critical aggregation concen-
tration (CAC) values of such polymers and found values in the
1078 mol/L range. For example, P2 has a CAC of 4.1 X 1078
mol/L (determined via the pyrene method).*

These polymers were used to prepare vesicles via the solvent
switching method. Solutions of the polymers in DMSO were
infused with PBS buffer as a selective solvent for the
P(DHPMA) block in order to induce vesicle formation. After
the organic solvent was removed by dialysis, the vesicles
dispersed in pure PBS were yielded as confirmed by cryogenic
transmission electron microscopy (Figure 1). The vesicle size
was determined by DLS measurements, revealing that P1 and
P2 formed vesicles of almost identical hydrodynamic radius (98
nm vs 101 nm) and moderate dispersities around u, = 0.15,
while the P3 vesicles were significantly larger (175 nm).

In order to verify the superior stability of the P(DHPMA)-
based polymersomes, their resistance toward dissolution by a
nonionic detergent was tested and compared to liposomes from
DPPC. Vesicle dispersions of P3 and DPPC were produced via
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solvent switching and subsequent homogenization by extrusion
through a 200 nm membrane. Then they were mixed with
rising amounts of Triton X-100 and examined via DLS (Figure
2).

a)

g, (t)

b)

g,(t)

T
10" 10°

t/ms

Figure 2. DLS-based disaggregation assay of vesicles by adding rising
concentrations of Triton X-100 (ACF-Fit, 30°). (a) DPPC liposomes;
(b) polymersomes from P3.

In the case of lipid vesicles (Figure 2a), no pronounced effect
on the autocorrelation function (ACF) was detected up to a 25-
fold molar excess. Further addition of detergent caused a shift
toward shorter correlation times, indicating that smaller
structures than the initial vesicles (R, = 100 nm) were present.
At an excess larger than 45-fold, a bimodal size distribution was
clearly detected, going along with a largely reduced fraction of
scattering intensity caused by the liposomes. Due to the
addition of Triton X-100, the liposomes were dissolved and the
DPPC molecules were solubilized by the detergent to form
aggregates of compound-micellar size (R, ~ 50 nm).”” At even
higher contents of Triton X-100 (>50 equiv), the vesicles were
dissolved completely and the ACF was primarily determined by
the lipid/detergent mixed micelles and pure detergent micelles
due to their high concentration.

Figure 2b shows the analogue experiment when vesicles
formed from P3 (M, = 12200 g/mol) were employed. Up to a
150-fold detergent excess, which had entirely dissolved the lipid
vesicles, no effect on the ACF was detected at all. Only when
the ratio reached 200 equiv, a pronounced shift toward
structures of R, = 85 nm did occur. After addition of another S0
equiv, a sudden shift toward much smaller structures (R, < 20
nm) was detected. Obviously, a more than 150-fold molar
excess initially caused a shrinking of the vesicles, which had an
original hydrodynamic radius of 100 nm. The radius was first
decreased to 85 nm before the vesicles finally collapsed. These
findings are in good agreement with the mechanism for
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membrane solubilization of polymer vesicles postulated by
Discher et al.** They state that above a certain threshold level
(detergent-content in the membrane), the tension caused by
the asymmetric packing of detergent molecules into the outer
part of the membrane is released by the diffusion of the
molecules toward the inner surface. This causes a detachment
of polymer/detergent mixed micelles, followed by a complete
disintegration when a second threshold value is reached. The
observation that the polymer-based mixed micelles are smaller
than DPPC/Triton X-100 mixed micelles can be attributed to
the fact that the aggregation number in polymer/detergent
mixed micelles is usually lower than in small molecule micelles.

Via this detergent-based assay, we could prove the superior
stability of P(DHPMA)-based vesicles compared to liposomes.

On the other side, the release of cargo gets more difficult
because of their increased stability. Thus, the controlled
permeabilization of polymersomes—at the site of action—is a
key issue to their application as drug carriers.”** Hence, to
efficiently release the cargo, different ways to destabilize
polymersomes have been developed.>***™** In order to
destabilize P(DHPMA)-b-P(LMA) polymersomes, we chose
an acid-degradable monomer since the conditions the polymer
is subjected to during the polymer analogue conversion
(aminolysis) are incompatible with many chemical moieties
such as disulfides. As such a repeating unit, 2,2-dimethyl-1,3-
dioxolan-4-yl)methyl methacrylate (DMDMA) has been
investigated. The polymerization and hydrolysis of DMDMA
has first been described by Beinert.”> At acidic pH, the ketal
structure is cleaved (Scheme 2), leading to the deprotection of
the hydroxyl groups and a significant increase in hydrophilicity.

Scheme 2. Hydrolysis of P(DMDMA)

DU |
e S o

o

This mechanism has recently been exploited by Zhang and
Louage for the acid-induced degradation of micelles, employing
the respective acrylate as a comonomer.””** Based on their
work, we developed a modified version of DMDMA which has
been adapted to the alkaline environment of the polymer-
analogue PFP-conversion. Due to the electronegative oxygen
atom in direct proximity to the a-carbon of the ester, DMDMA
is a moderately activated ester itself. Hence, the aminolysis of
the DMDMA repeating units can occur as a side reaction. To
circumvent this problem, we have synthesized 2-(2,2-dimethyl-
1,3-dioxolane-4-yl)ethyl methacrylate (DDEMA) as a variant of
the DMDMA monomer, extended by an additional methylene
group (Figure 3).

The synthesis of an amphiphilic block copolymer P4,
containing DDEMA as a pH-responsive repeating unit was
achieved using the same RAFT chain transfer agent and
reaction conditions analogue to the synthesis of P1-P3
(Scheme 3).

Starting from a mixture of LMA and DDEMA at a molar
ratio of 7:3, the statistical copolymer SC (Table 1) was
obtained at a mean degree of polymerization X; = 22 and a
DDEMA content of 27%. SC was then used as a macro chain
transfer agent in the block copolymerization of PFPMA to yield
the P(PFPMA)-b-P(LMA-stat DDEMA) block copolymer BS.
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Scheme 3. Synthesis of the DDEMA-Modified Block Copolymer P4
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Figure 4. MTT Assay: (a) P(DHPMA)-b-P(LMA) vesicles (P1: gray, P2: red; n = 6), (b) P(DHPMA)-b-P(LMA-stat- DDEMA) vesicles (P4; n =
3).
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Figure 5. Examination of the influence of lowered pH on vesicles from P4 and PS5 (a) ACF of unmodified vesicles from PS at pH 6.5 (black) and pH
4.5 (red) (b) ACF of DDEMA-modified vesicles from P4 at pH 6.5 (black) and pH 4.5 (red). Scattering angle: a = 90°.

After the substitution of the dithiobenzoate group with AIBN,
the PFP activated ester groups were converted to DHPMA via
the aminolysis with DHPA. The amphiphilic block copolymer
P(DHPMA),,-b-P(LMA 4-stat- DDEMA¢) (P4, Table 6) was
yielded, exhibiting a molecular weight of M, = 8800 g/mol with
a hydrophilic weight fraction of 34.8%. The ability of this
polymer to form vesicles was confirmed by cryogenic
transmission electron microscopy (Figure 1c). The vesicles
formed via the solvent switching method exhibited a hydro-
dynamic radius of R, = 105 nm (g, = 0.11), while they were
significantly smaller and exhibited a broader size distribution
(Ry, = 84 nm; y, = 0.16) when prepared via dual centrifugation.

Previous toxicity studies revealed that P(DHPMA) has a very
low effect on cell viability,'” comparable to P(HPMA), which is
generally considered as nontoxic.”* > Based on these experi-
ments, we assessed the cytotoxicity of vesicles formed from
P(DHPMA)-b-P(LMA) block copolymers P1 and P2 and the
pH-degradable P4 via an MTT assay using HEK293T cells. In
this assay, the metabolic activity of the cells was monitored via
the conversion of the yellow tetrazole 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) to its purple
formazan which was quantified photometrically and interpreted
as a measure of cell viability and therefore cytotoxicity.

The cells were incubated together with different concen-
trations of vesicles formed from P1, P2, and P4 for 24 h before
the absorption was measured. The results are displayed in
Figure 4, together with the untreated reference (pure PBS) and
the toxic solvent DMSO as controls. The polymers were tested
at concentration ranges relevant in drug delivery studies (0.01—
0.1 mg/mL). High cell viabilities >0.8 were observed and
therefore no cytotoxic effects did occur. The differences
between the three polymers were marginal and within the
standard deviation of the measured data determined from
hexaplicates. As was to be expected from the low effect of
P(DHPMA) homopolymers on cell viability, vesicles from
P(DHPMA)-b-P(LMA) and the pH degradable copolymer P4
also demonstrate a very low cytotoxicity. This is due to the high
hydrophilicity of the DHPMA repeating units, which creates a
strongly bound hydration shell, effectively restraining the
interaction of the vesicles with their surrounding media.
Hence, P(DHPMA)-based polymersomes are well-suited
nanosized drug carriers in this regard.

The details of the disintegration of vesicles from the pH-
responsive polymer P4 were studied by DLS. The vesicles were
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prepared in a S mM NaCl dispersion and extruded through a
200 nm polycarbonate membrane to yield a uniform hydro-
dynamic radius of Ry, = 100 nm. Vesicles from the DDEMA-free
polymer PS, which has a molecular weight very similar to P4
(M, (P4) = 8800 g/mol; M, (PS) = 8900 g/mol) served as a
reference sample. The vesicle dispersions were aliquoted and
the pH was adjusted to pH 6.5 and pH 4.5. Before and after an
incubation period of 48 h (T = 37 °C), the samples were
examined via DLS.

The plots in Figure Sa show the experimentally obtained
autocorrelation functions (ACF) of vesicles from the non-
modified polymer PS. Upon lowering the pH to 4.5, the ACF
did not change during the incubation period of 48 h and
remained entirely congruent with the data at pH 6.5. The
decreased pH did not have any effect on the vesicles. The initial
ACF of the vesicles from the DDEMA-modified polymer P4,
too, was found to be nearly congruent with the sample from PS,
as was to be expected due to the extrusion process (Figure Sb).
However, after 48 h of incubation, a dramatic decline in
scattering intensity was observed (IPH 65 =854 kHz vs Ly 45 =
1.2 kHz at scattering angle @ = 90°) and an ACF could no
longer be determined.

This observation is the result of a vesicle disintegration
caused by the hydrolysis of the ketal structures, which leads to a
deprotection of the hydroxyl groups and makes the DDEMA
repeating unit highly hydrophilic. Given its molar ratio in the
formerly hydrophobic block of the polymer of approximately
30%, a complete hydrolyzation of the ketal structures leads to
an increase in the overall hydrophobic weight fraction f from f =
0.348 to f > 0.5. Accordingly, the membrane collapses due to
the hydrophilic/hydrophobic imbalance as result of molecular
solvation of the individual polymer chains. This can be
concluded, because supramolecular structures of a higher
aggregation number such as micelles would have been detected
due to their significantly higher scattering intensity. In contrast,
due to the molecular solvation, the scattering intensity was too
low to examine an ACF, even though the total number of
polymer molecules remained unchanged.

To study the vesicle disintegration in more detail, we
conducted a kinetic study and investigated the decrease of
scattering intensity in more detail. These studies were
conducted at a scattering angle of a = 50° and at a higher
laser power leading to a higher overall scattering intensity
(Ipg=0 = 392.7 kHz) in order to detect potential aggregates
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(with acid-labile modification) and PS5 (not acid degradable, no DDEMA). (b) ACF of P4 polymersomes after sample preparation (T = 0) and after

53 h of incubation at 37 °C. Scattering angle: o = 50°.

different from the original vesicles more accurately. We used
again polymersomes from the DDEMA-modified acid-labile
polymer P4 and the nonmodified PS as a control (Figure 6a).
During a 53 h period of incubation at 37 °C, no significant
changes in scattering intensity were detected both for PS (pH
6.5 and pH 4.5) and for P4 at pH 6.5. In contrast, P4 showed a
constant decrease in scattering intensity at pH 6.5 down to
<30% of the initial value, as shown in Figure 6a. However, in
this more sensitive experimental setup, we could detect an ACF
for the whole time period (see Figure 6b). This AFC remained
perfectly unchanged, which gives proof that the polymersomes
remained intact until their complete solvation.

In summary, the aim to functionalize the hydrophobic
domain of the P(DHPMA)-b-P(LMA) block copolymers with
an acid-labile structure was reached by the copolymerization of
LMA with DDEMA. The vesicles assembled from this polymer
could be disintegrated at pH 4.5 due to the hydrolysis of the
ketal structure, while nonfunctionalized vesicles from a polymer
of similar molecular weight remained intact. This is an
important result regarding the applicability of the polymer
vesicles as drug carriers since the cargo release is substantially
facilitated.

Next, the ability of these vesicles to safely encapsulate large
molecules was compared to lipid vesicles formed from low
molecular weight DPPC. As a model substance, Glucose
oxidase (GOx) was used. The setup of this assay was based on
the quantification of glucose as applied to determine the blood
glucose level.

The corresponding mechanism is shown in Scheme 4.

GOx was encapsulated into vesicles from P4 by dual
centrifugation and GOx-loaded liposomes from DPPC served
as a control. Then the reaction kinetics of the conversion of p-
glucose by equal amounts of GOx encapsulated into polymer-
somes and liposomes as well as free GOx were studied (Figure
7). Concentrations were assessed via the encapsulation
efficiency of Alexa Fluor 647 as a model substance.

In the case of free GOx, a rapid linear increase in absorption
was detected as was to be expected since the accessibility of the
nonencapsulated enzyme by the glucose substrate was not
hindered by any means. The encapsulation of GOx with DPPC
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Scheme 4. Principle of the Glucose Oxidase Assay
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of GOx. The generated hydrogen peroxide then converts a colorless
redox indicator (ABTS) into its green oxidized species which allows
the quantification of the reaction process .

led to a slower increase, with time. Here, the reaction kinetic is
limited by the diffusion of glucose through the lipid bilayer.
However, the encapsulation of GOx in the aqueous interior of
the polymersomes lead to an enormous decrease of the
oxidation rate of the redox indicator. It took around 24 h with
polymersomes as GOx-carriers to reach a degree of absorption
that was observed after only 30 min in the case of lipid vesicles.
Additionally, a slightly declining slope was observed after 20 h.
This demonstrates the tightness of the polymer membrane
against both glucose (the substrate) and the enzyme GOx. After
25 h, the polymer vesicles were dissolved by the addition of an
excess amount of the detergent Triton X-100, which resulted in
an abrupt increase in absorption, comparable to the free GOx.
This observation confirms the still perfectly functional catalytic
activity of the enzyme as well as the presence of significant
amounts of glucose even after the flattening of the absorption
curve. Hence, the decay in reaction kinetics is due to the
extremely low permeability of the polymersome membrane at
moderate osmotic differences.
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Figure 7. Quantification of the absorption (4,,, = 415 nm) of GOx-
containing glucose solutions. Black: GOx-loaded polymersomes (P4).
Red: GOx-loaded polymersomes (P4) after addition of Triton X-100
(6800 equiv). Blue: GOx-loaded DPPC vesicles. Green: free GOx.

The observations made in this experiment are of high
importance for the loading of activated ester-based polymer
vesicles and their application as drug carriers. Beyond the proof
of the superior stability and lower permeability of polymer-
somes (compared to liposomes), the feasibility of the vesicle
loading with high molecular weight cargo via the dual
centrifugation process is proven as well as the separation of
the free (nonencapsulated) protein. If the nonencapsulated
fraction of GOx had not been completely removed by the size
exclusion chromatography process or otherwise if the GOx had
lost its catalytic activity due to the shear forces in
centrifugation, a much stronger initial increase in absorption
would have been observed or no increase in absorption would
have appeared, respectively.

Regarding active targeting, we examined the influence of
mannose ligands on the particle uptake by dendritic cells. For
this purpose we linked the mannose derivative H,N-Man
(Scheme 1) to the polymers PSM and P6M via activated ester
chemistry during the conversion of their precursors BC3 and
BC4 with DHPA. In terms of cytotoxicity, it is important that
micellar structures with a P(HPMA) corona and the same
mannose ligand have shown no cy’cotoxicity.26 Their non-
mannosylated equivalents PS and P6 were synthesized from the
same precursors in order to obtain identical properties apart
from the mannosylation. The mannose content was quantified
via 3C inverse gated NMR spectroscopy as shown in Figure 8
for polymer P6M.

Degrees of mannosylation of 2.2% (PSM) and 4.3% (P6M)
were obtained. We investigated whether the mannosylation of
the polymers did enhance the uptake into bone marrow-derived
dendritic cells, which present the mannose receptor (DC206)
on their surface. This receptor induces a clathrin-dependent
endocytosis mechanism that leads to an increased particle
uptake. The investigations were conducted using vesicles that
were extruded to yield a homogeneous size of Ry, = 100 nm to
exclude the influence of size effects on the internalization.

First, the relative uptake of vesicles from P5/P6 and PSM
and P6M was investigated by FACS at a total polymer
concentration of 3 pg/mL (Figure 9). In this context, it should
be mentioned that the binding of nonmannosylated polymer-
somes was rather low, although this was not quantified. This
corresponds to little unspecific uptake (see also ref 26). Next,
the relative uptake of vesicles from PSM (degree of
mannosylation: 2.2%) and PS was compared (Figure 9, left).
No significant difference between the uptake of mannosylated
and nonmannosylated polymersomes was observed here.

However, in the case of the higher degree of mannosylation
(P6M/P6), a different result was obtained (Figure 9, right).
The mean fluorescence intensity (MFI) of vesicles from P6M
showed almost six times the value recorded for P6,
corresponding to a much more pronounced particle uptake.
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Figure 8. Determination of the mannose content of P6M by *C inverse gated NMR spectroscopy (DMSO-dg, 100 MHz). The integral of the
mannose C; atom was referenced to the total integral of the backbone carbonyl atoms.
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Figure 9. Quantification of the relative uptake of mannosylated (red)
and nonmannosylated (gray) polymersomes (incubation time 24 h; n
=2). Left: PS/PSM (degree of mannosylation: 2.2%). Right: P6/P6M
(degree of mannosylation: 4.3%).

Because of the equal vesicle size and the identical chain length
of the hydrophilic domains, which are presented toward the
environment, the different uptake behavior can only be caused
by the mannosylation. This means that mannose induces
binding, but a certain minimum amount is required.

P6M, e.g., exhibits a mannose content of 4.3% (per total
repeating units), which corresponds to 8.0% of the hydrophilic
repeating units. Hence, about any 12th former PFP ester carries
a sugar moiety. This means that on average, 2.7 mannose units
are linked to every polymer chain (see the block lengths given
in Table 6). By contrast, PSM with the smaller degree of
substitution (and the smaller molecular weight) only carries
about one mannose unit per hydrophilic block. Hence, in the
case of vesicles from P6M, there is a much higher probability
for mannose receptor interaction due to multivalent
presentation.

B CONCLUSIONS

In previous studies, we presented a concept to form
polymersomes from readily functionalizable pentafluorophenyl
ester-based precursor polymers. Via the aminolysis of this
activated ester, amphiphilic polymers are obtained that can be
versatilely functionalized and form vesicles at suitable block
ratios and preparation conditions. These polymers exhibited
low cytotoxicity, and the respective vesicles did not show
proteir}7 adsorption-induced aggregation in human blood
serum.

Since polymersome membranes exhibit higher stability and
extremely low permeabilities compared to lipid-based mem-
branes, as was demonstrated by a detergent-based and a glucose
oxidase assay, a stimuli-responsive unit needed to be introduced
that was compatible with the conditions of RAFT polymer-
ization and the polymer—analogue conversion under basic
conditions. This issue was solved by the use of DDEMA, an
acid-labile monomer that was derived from DMDMA. It could
be introduced into the polymersome membrane by copoly-
merization into the hydrophobic domain of the amphiphilic
polymer. The polymersomes formed by DDEMA-function-
alized amphiphilic block copolymers proved to be nontoxic as
confirmed by MTT assays. They could be degraded through
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the hydrophilization of their membrane at pH 4.5 due to the
hydrolysis of the ketal structure.

Furthermore, the enhancement of particle uptake by
mannosylation of the polymersomes via activated ester
chemistry was confirmed. An average degree of substitution
of 2.7 mannose units per polymer chain was required for this
effect to occur.

These results greatly improve the applicability of
P(DHPMA)-based vesicles as nanosized drug carriers.
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PeptoSomes for Vaccination: Combining Antigen
and Adjuvant in Polypept(o)ide-Based Polymersomes

Benjamin Weber, Cinja Kappel, Martin Scherer, Mark Helm, Matthias Bros,

Stephan Grabbe, and Matthias Barz*

In this work, the first vaccine is reported based on a PeptoSome, which
contains a model antigen (SIINFEKL) and adjuvant (CpG). PeptoSomes are
polypept(o)ide-based polymersomes built of a block-copolymer with poly-
sarcosine (PSar) as the hydrophilic block (X,, = 111) and poly(benzyl-glutamic
acid) (PGlu(OBn)) as the hydrophobic one (X, = 46). The polypept(o)ide is
obtained with low dispersity index of 1.32 by controlled ring-opening poly-
merization. Vesicle formation by dual centrifugation technique allows for
loading of vesicles up to 40 mol%. PeptoSomes are characterized by multi-
angle dynamic light scattering, static light scattering, and cryogenic transmis-
sion electron microscopy (cryoTEM). The PeptoSomes have a hydrodynamic
radius of 39.2 nm with a low dispersity (i, = 0.1). The p-ratio R;/R;, of

0.95 already indicates that vesicles are formed, which can be confirmed by
cryoTEM. Loaded PeptoSomes deliver the antigen (SIINFEKL) and an
adjuvant (CpG) simultaneously into dendritic cells (DCs). Upon cellular
uptake, dendritic cells are stimulated and activated, which leads to expression
of cluster of differentiation CD80, CD86, and MHCII, but induces excretion of
proinflammatory cytokines (e.g., TNFa). Furthermore, DC-mediated antigen-
specific T-cell proliferation is achieved, thus underlining the enormous poten-

tial of PeptoSomes as a versatile platform for vaccination.

1. Introduction

Most commonly, vaccines are produced from heat inactivated
or live attenuated organisms. Therefore, these vaccines contain
antigen and components that serve as adjuvants.ll' Synthetic
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vaccines bearing the antigen but lacking
the adjuvant can easily induce immune
tolerance. Thus, the coadministration
of adjuvants and antigen is necessary to
achieve protective immunity.>* Among
established adjuvants, CpG-rich oligonu-
cleotides address the toll-like receptor 9
(TLR9), which is expressed in endosomal
compartments of dendritic cells (DCs). The
fact that it is of crucial importance for effec-
tive vaccination, that antigen and adjuvant
are codelivered into antigen presenting
cells like DCs, creates a rational for the
use of nanoparticle-based codelivery sys-
tems.>® In agreement, Laing et al. showed
that vaccination is most efficient, when
peptide antigen and TLR agonist are com-
bined within liposomes.”] While liposomes
are established systems for drug delivery
and have already entered clinical practice,
these systems possess low stability in com-
plex biological fluids, which is critical for
targeted delivery into specific cell popula-
tions. Stability can be enhanced and unspe-
cific cell uptake reduced by coformulation
of lipopolymers, which can lead to stealth
liposomes.®°l Nevertheless, lipopolymers in general possess
higher critical micelle concentration (CMC) than amphiphilic
block copolymers, which already indicates that the stability of
liposomes is limited.'% In addition, free amphiphilic lipopoly-
mers can cause immune responses, e.g., accelerated blood clear-
ance, reducing circulation times even of stealth liposomes.['1:12]

In contrast, polymersomes, which are polymer-based vesicles
and thus structural counterparts to liposomes, provide higher
stability.'3) Polymersomes tend to form when the hydrophilic
weight fraction of the block copolymer is about 35% (+ 10),
while micelles form at a hydrophilic weight fraction >45.11
Therefore, amphiphilic block copolymers intrinsically possess
a lower CMC, which explains the enhanced stability of poly-
mersomes compared to liposomes or even micelles enabling a
plethora of in vivo applications.["*1°]

In contrast to micelles, polymersomes can be loaded with
both hydrophobic drugs as well as hydrophilic molecules,
e.g. oligonucleotides.31% In this respect, the aqueous core
enables encapsulation of hydrophilic components while the
hydrophobic part of the shell provides a compartment for
hydrophobic drugs. Due to this versatility, polymersomes
have been widely used in drug delivery.'”! Lecommandoux and

(1 of 6) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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co-workers, for example, introduced different peptide-based poly-
mersomes for cancer therapy.’®! On the one hand, they used
poly(y-benzyl-1-glutamate-b-hyaloronan (PGlu(OBn)-b-HyA) for
encapsulation of doxorubicine (DOX) to suppress DOX-related
side effects and therefore enhance the therapeutic efficacy."”!
On the other hand, they prepared glycopeptide-based poly-
mersomes by ring-opening polymerization and postpolymeri-
zation functionalization via click reaction.?” Polypeptoid-based
polymersomes have been investigated by Luxenhofer and co-
workers.21-231 Polypept(o)ide-based polymersomes have been
first reported by Kimura and co-workers already in the late
1990s.242°] They employed polysarcosine-block-poly(methyl gluta-
mate) copolymers for tumor imaging with a near-infrared dye.*"
The hydrophilic part, polysarcosine, possesses stealth properties
and is used as an alternative for Poly(ethylene glycol) (PEG).”?’]

Polymersomes for vaccine delivery have been reported just
recently. Quer et al. used a peptide-based polymersome as a carrier
for the antigen influenza hemagglutinin. In this work, the polym-
ersome enhances the immune response, acting as an adjuvant.’?®!
Hubbel and co-workers have synthesized polymersomes from
PEG-b-PPS (Poly(propylene sulfide)) and loaded them with antigen
and adjuvant for inducing cell-mediated antigen-specific immune
responses,*’l and compared them to solid nanoparticlesi*” under-
lining the potential of polymersomes. Interestingly, the use of
PeptoSomes (polymersomes from polypeptide-block-polypeptoid
copolymers)BY has so far not been reported for vaccine delivery. In
this work we introduce PeptoSomes as novel class of vaccines.

2. Experimental Section

2.1. Synthesis of the Polypept(o)ide

PGlu(OBn),-b-PSar;;; was synthesized as earlier reported.3>33!
Chain lengths were adjusted to yield a polymer with a hydro-
philic mass fraction of 44 wt%, so that the polymer assembles
preferably into polymersomes and not into micelles.

2.2. Preparation of PeptoSomes

The procedure was adapted from literature and modified.4
5.6 mg of the lyophilized polymer were weighed into 0.2 mL
Eppendorf vials and incubated with 24 uL of the aqueous phase
(Phosphate buffered saline (PBS)-based solution of the cargo
to be encapsulated) at room temperature overnight. 75 mg of
ceramic beads (& = 0.3-0.4 mm) was added, and the samples
were homogenized for 2 X 16 min in a Rotanda 400 centrifuge
(Hettich/Tuttlingen) at a rotating velocity of 2500 rpm. After-
ward, 36 UL of further aqueous phase (PBS) were added and
the samples were centrifuged for another 2 x 2 min. To remove
not encapsulated cargo the product was purified via a sepharose
column and the fractions were collected.

2.3. Dynamic Light Scattering (DLS)

A solution of the PeptoSome was prepared to yield a concentra-
tion of 0.1 mg mL™! in PBS. After transfer to a dust free flow
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box, all samples were filtered (Millipore GHP 0.45um) into
dust free cylindrical scattering cells (Suprasil, 20mm diameter,
Hellma, Miihlheim, Germany). DLS measurements were per-
formed using a Uniphase He/Ne Laser (I = 632.8nm, 22mW),
an ALV-SP125 Goniometer, an ALV/high quantum efficiency
(QE) APD-avalanche photodiode with fiber optical detection, an
ALV 5000/E/PCl-correlator and a Lauda RC-6 thermostat unit
at 20 °C. Angular-dependent measurements of typically 15°
steps were carried out in the range 30° < g < 150°. For data
evaluation experimental intensity correlation functions were
transformed into amplitude correlation functions applying the
Siegert relation extended to include negative values after base-
line subtraction by calculation g;(f)=SIGN(G,(t))- SQRT(ABS
((Ga(t) — A)/A). All field correlation functions usually showed
monomodal decay and were fitted by a sum of two exponen-
tials g(t)=a-exp(—t/b)+c-exp(—t/d) to take polydispersity into
account. Average apparent diffusion coefficients D,, were cal-
culated by applying g*Dy,p=(a-b"+c-d")/(a+c) resulting in
an angular-dependent diffusion coefficient D,,, or reciprocal
hydrodynamic radius (1/Ry)spp, according to formal applica-
tion of Stokes Einstein law. By extrapolation of (1/Ry),p, to g=0
z-average hydrodynamic radii were obtained (uncorrected for
c-dependency).

2.4. Static Light Scattering (SLS)

SLS measurements were performed with an ALV-SP86 goni-
ometer, a Uniphase HeNe Laser (25 mW output power at A =
632.8 nm wavelength) and ALV/high QE APD avalanche diode
fiber optic detection system. The same solution as for DLS was
used. The measured Kc/R values for every angle or ¢* were
plotted in a Zimm plot and fitted by a linear function. The
slope of the fit yielded the z-average of the squared radius of
gyration (R,?), (uncorrected for c-dependency) by applying the

Zimm equation (& -1 (1 + lezqz ))
R M 3

2.5. Cryogenic Transmission Electron Microscopy (cryoTEM)

5 uL of the PeptoSome solution (0.1 mg mL™, in PBS) were
applied to freshly glow-discharged carbon grids with a copper
200 mesh (Quantfoil Micro Tools GmbH). Excess fluid was
removed Dby direct blotting (2.5 s) and the grids were individu-
ally plunge-frozen in liquid ethane. Grids were cryotransferred
in liquid nitrogen using a Gatan cryoholder (model 626 DH) to
a Technai T12 transmission electron microscope equipped with
a field emission electron source and operating at 120 kV accel-
erating voltage. Images were recorded using a TemCam-F416
(TVIPS, Gauting, Germany).

2.6. DC Culture and Treatment

Bone marrow cells (2 x 10° cells mL™!) were resuspended
in Iscove’s Modified Dulbecco's Medium (IMDM) medium
(Sigma-Aldrich), supplemented with 5% fetal calf serum (FCS),
2 % 1073 m L-glutamine, 0.1 x 107> M nonessential amino acids,

(2 of 6) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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50 ug mL™! gentamycin (all from PAA Laboratories, Pashing,
Austria), 50 X 107® m B-mercaptoethanol (Sigma-Aldrich), and
10 ng mL™! recombinant murine granulocyte-macrophage
colony-stimulating factor (GM-CSF) (R&D, Wiesbaden, Ger-
many) and were seeded (1 mL per well) into 12-well cell culture
plates (BD, Franklin Lakes, NJ). Media were replenished on days
3 and 6 of culture. On days 7 or 8 of culture PeptoSomes and
soluble reagents (SIINFEKL peptide, CpG oligodeoxynucleotide,
ODN 1826) were applied at the indicated concentrations. On the
next day, bone marrow derived dendritic cell (BMDC) was har-
vested, extensively washed, and subjected to experiments.

2.7. Flow Cytometry

For detection of surface marker expression, BMDC were washed
in FACS buffer (PBS, 1% FCS, 0.5 x 107 m ethylenediamine-
tetraacetic acid (EDTA)) and incubated with Fc receptor blocking
rat anti mouse CD16/CD32 antibody (clone 2.4G2). Afterward,
antibodies specific for CD11c (clone N418; PE-Cy7-conjugated)
and CD86 were applied (clone GL1, PE-conjugated) (all anti-
bodies from eBioscience). Samples were analyzed using a BD
FACS CANTO II flow cytometer equipped with DIVA software
(BD Biosciences). Data were analyzed using FACS DIVA soft-
ware (BD Biosciences). Cytokine contents of BMDC superna-
tants were quantified by Cytometric bead array following the
manufacturer’s instructions (BD Bioscience). Results were ana-
lyzed using cytometric bead array (CBA) Analysis Software (BD).

2.8. T-Cell Proliferation

BMDC (1.25 X 10%) were cocultured with syngeneic ovalbumin
(OVA) peptide-reactive OT-I T cells (each 5 x 10%) in triplicates
for 3 d. T-cell proliferation was assessed by detecting incorpora-
tion of *H-thymidine during the last 16 h of coculture as deter-
mined by liquid scintillation counting.

3. Results and Discussion

3.1. Synthesis of PeptoSomes

PGlu(OBn)-b-PSar copolymer was synthesized via controlled
ring-opening polymerization as reported earlier.??] Degrees of
polymerizations were adjusted to PGlu(OBn)sy-b-PSary, so

Dual
\k\ Centrlfugatlon
Dye
Adjuvant RO
Antigen  suex,

www.mbs-journal.de

that the final polymer had a ratio of hydrophilic to hydrophobic
block of around 44 wt% inducing presumable the formation of
polymersomes instead of micelles. The Glu(OBn) N-carboxy
anhydride (NCA) was dissolved in dimethylformamide (DMF)
containing less than 50 ppm water and 1/n equivalents of neo-
pentylamine were added. After full conversion was ensured via
Fourier-transformed infrared (FTIR) spectroscopy, the sarcosine
NCA (N-alkylated NCA) was added to the macroinitiator. After
complete conversion of the NNCA, the polymer was precipi-
tated in cold ether, centrifuged, and lyophilized. The obtained
polymer was analyzed with 'H-NMR, DOSY 'H-NMR and hexa-
fluoroisoprpanol-size exclusion chromatography (HFIP-SEC)
(see the Supporting Information). Chain lengths were deter-
mined by 'H-NMR, indicating the formation of PGluyg-b-
PSar;;; copolymers.

Polymersomes were prepared by dual centrifugation (see
Scheme 1), following the recently reported protocol by Scherer
et al.1®34 Therefore, the lyophilized polymer was allowed to
swell overnight in PBS, ceramic beads were added and the mix-
ture was applied to dual centrifugation.

For the encapsulation of antigen (SIINFEKL) and adjuvant
(CpG), solutions of both components were mixed with the
polypept(o)ide and also applied to dual centrifugation (see
Scheme 1). The gel-like product (C = 100 g L) was diluted
to = 20 g L~ with PBS and purified by size exclusion chroma-
tography (sepharose column) to remove any nonencapsulated
components. The final loading efficiency was determined via
UV-Vis spectroscopy according to Scherer et al.,[1®34 assuming
that antigen, adjuvant and dye (AF-647) are incorporated into
the PeptoSomes in the same ratio as weighed in. The loading
efficiencies varied from 35% (adjuvant, antigen, and dye) to
40% (dye only). In comparison to film hydration, the loading
efficiencies achieved by dual centrifugation are five to ten times
higher. In addition, polymersomes can be synthesized with
high reproducibility in size and loading efficiency. Size varia-
tions are below 10% between different polymersome batches.

3.2. Physicochemical Characterization of PeptoSomes

PeptoSomes were characterized by multiangle DLS, SLS, and
cryoTEM. The combination of DLS and SLS is particularly
interesting for the verification of vesicular structures. While
DLS measurements determine the hydrodynamic radius
Ry, SLS yields the radius of gyration R, The p-ratio Ry/Ry is
indicative for particle morphology. In the case of p = 0.775,

Stingeky

Scheme 1. Preparation of PeptoSomes and purification by dual centrifuging technique and size exclusion chromatography.
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+ R =37.3nm
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Figure 1. Characterization of the PeptoSomes: a) multiangle dynamic light scattering indicating an R, = 39.2 nm; b) static light scattering experiments
display an R, = 37.3 nm yielding a p ratio R,/R, = 0.95; cryogenic TEM images of c) nonloaded and d) loaded PeptoSomes.

the particle is a homogeneous sphere (micellar structure). For
a perfect hollow sphere, p equals 1. For a hollow sphere with
a finite membrane thickness one would expect the ratio to
be between 0.95 and 1.%°! For light scattering experiments, a
concentration of 0.1 mg mL™! was chosen. For every angle, an
apparent diffusion coefficient D,,, was obtained. By extrapola-
tion to g% = 0, a z-average of the diffusion coefficient D, found
to be 5.48 nm? s™\. Applying Stokes-FEinstein equation yielded a
hydrodynamic radius of R, = 39.2 nm. However, only a minor
angular dependency could be observed, indicating particles with
low to moderate dispersity (Figure 1A). Furthermore, by fitting
the correlation function using the cumulants method at 90° the
Uy-parameter could be calculated, which is also an index for dis-
persity. In our case, the u, parameter equals 0.1, thus verifying
that well defined PeptoSomes can be obtained from dual cen-
trifugation even without any extrusion process. Ry, determined
by static light scattering via a Zimm plot, is 37.3 nm, leading to
a p-ratio of 0.95 (Figure 1B), which indicates the formation of
polymersomes.

To further validate the formation of polymersomes, cryoTEM
imaging was employed. These measurements visualized the for-
mation of vesicular structures for unloaded PeptoSomes with a
diameter of about 70 nm, which is in line with the DLS meas-
urements. A comparison of empty and loaded polymersomes
confirmed that sizes are comparable, but while empty polym-
ersomes display a core with the expected low scattering contrast
combined with a membrane like layer with enhanced contrast,
loaded particles display uniform distribution of scattering con-
trast. The polymersomes visible in the cryoTEM images are of
comparable structure and possess similar diameters compared
to the polymersomes based on PDHPMA-b-LMA,['®l which also
have been prepared by dual centrifugation. The presence of a
polymer membrane around the core is not visible anymore (see

Macromol. Biosci. 2017, 17, 1700061 1700061

Figure 1C,D), which may be due to the enhanced scattering con-
trast of the cargo, peptide SIINFEKL antigen and CpG (oligonu-
cleotide), loaded into the polymersome. These findings addition-
ally underline the efficient loading by dual centrifugation.

A precise determination of the concentrations of the encap-
sulated antigen and the adjuvant, however, was not possible by a
conventional liquid chromatography-mass spectrometry (LC-MS)
and may require more advanced analytical setups.

3.3. Biological Evaluation

After physicochemical characterization the antigen- and adju-
vant-loaded PeptoSomes were evaluated in several biological
experiments. For this purpose, BMDCs were incubated in par-
allel with nonloaded PeptoSomes and PeptoSomes loaded with
the model antigen (peptide sequence SIINFEKL; AnaSpec,
Fremont, CA) and the adjuvant CpG ODN 1826 (Invivogen,
San Diego, CA), which binds to the TLR9 inducing DC activa-
tion. Incubation of BMDCs with nonloaded PeptoSomes had no
effect on the expression of activation markers on the cell sur-
face, e.g., CD80 and CD86 (Figure 2A), nor on the production
of the proinflammatory cytokine tumor necrosis factor alpha
(INF-cr) (Figure 2B). In contrast, treatment of BMDCs with
antigen/adjuvant-loaded PeptoSomes resulted in upregulation
of maturation markers and elevated cytokine production, at sim-
ilar (CD80, CD86) or even stronger (INF-0) extent as induced
by soluble CpG ODN 1826, which was used as an internal
control. Due to the strong DC-activating potency of antigen/
adjuvant-loaded PeptoSomes, we investigated the antigen pre-
senting capacity of accordingly treated BMDC. The model
antigen peptide SIINFEKL when presented by major histocom-
patibility complex (MHCI) is recognized by CD8" T cells derived

(4 of 6) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Effects of PeptoSomes on BMDC. BMDC were incubated in parallel with nonloaded or SIINFEKL plus CpG ODN 1826 loaded PeptoSomes
(dose equivalent to 100 ng mL™' CpG a,b) or equivalent to 10 ng mL™" SIINFEKL c)) and either a,b) soluble CpG ODN 1826 (100 ng mL™") alone or
c) plus SIINFEKL peptide (10 ng mL™"). On the next day, expression of a) surface activation markers and b) TNF-o contents in supernatants were
determining by flow cytometry. Data denote mean % SD of each two independent experiments. c) Differentially pretreated BMDC were cocultured with
SIINFEKL-reactive CD8+ T cells for 4 d, and T-cell proliferation was determined as uptake of 3H thymidine for the last 16 h of coculture. Data denote
mean £ SD of triplicates of one experiment representative of two independent experiments.

from OVA specific T cell receptor transgenic mice (OT-I mice).
BMDC preincubated with antigen/adjuvant-loaded PeptoSomes
induced strong T-cell proliferation as observed for BMDC pre-
treated with soluble peptide plus CpG as an internal control
(Figure 2C). CpG-treated BMDC displayed DC-activation but no
T-cell proliferation. As expected, BMDC preincubated with con-
trol PeptoSomes (unloaded) did neither induce any activation of
BMDCs nor T-cell proliferation (see Figure 2).

4, Conclusions

In summary, a block copolypept(o)ide was synthesized com-
bining a hydrophilic PSar;;; segment with a hydrophobic
PGlu(OBn), block by controlled sequential ring opening polym-
erization of the corresponding NCAs. The polypept(o)ide was
successfully applied for the preparation of PeptoSomes by dual
centrifuging. As indicated by multiangle dynamic light scat-
tering, this method afforded polymersomes with hydrodynamic
radii of around 40 nm (PeptoSomes) and enabled us to encapsu-
late both antigen (SIINFEKL) and adjuvant (CpG) with loading
efficiencies of 40%. Upon incubation with loaded PeptoSomes,

Macromol. Biosci. 2017, 17, 1700061
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BMDCs were activated, leading to an enhanced expression of
activation markers and strong cytokine excretion. Furthermore,
the antigen was processed inside dendritic cells and presented
via the MHC-I complex, which resulted in an antigen specific
T-cell proliferation. In contrast, PeptoSomes without antigen
and adjuvant did cause neither dendritic cell activation nor T-cell
proliferation. Altogether, these results confirm that loaded Pepto-
Somes can induce potent immune responses in vitro. Therefore,
this polymersome based on polypept(o)ides may become a suit-
able platform for the next generation of polymer-based vaccines.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Background: Nanoparticle (NP)-based vaccines are attractive
immunotherapy tools because of their capability to codeliver
antigen and adjuvant to antigen-presenting cells. Their cellular
distribution and serum protein interaction (“protein corona”)
after systemic administration and their effect on the functional
properties of NPs is poorly understood.

Objectives: We analyzed the relevance of the protein corona on
cell type-selective uptake of dextran-coated NPs and
determined the outcome of vaccination with NPs that codeliver
antigen and adjuvant in disease models of allergy.

Methods: The role of protein corona constituents for cellular
binding/uptake of dextran-coated ferrous nanoparticles (DEX-
NPs) was analyzed both in vitro and in vivo. DEX-NPs
conjugated with the model antigen ovalbumin (OVA) and
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immunostimulatory CpG-rich oligodeoxynucleotides were
administered to monitor the induction of cellular and humoral
immune responses. Therapeutic effects of this DEX-NP vaccine
in mouse models of OVA-induced anaphylaxis and allergic
asthma were assessed.

Results: DEX-NPs triggered lectin-induced complement
activation, yielding deposition of activated complement factor 3
on the DEX-NP surface. In the spleen DEX-NPs targeted
predominantly B cells through complement receptors 1 and 2.
The DEX-NP vaccine elicited much stronger OVA-specific I1gG,,
production than coadministered soluble OVA plus CpG
oligodeoxynucleotides. B-cell binding of the DEX-NP vaccine
was critical for IgG,, production. Treatment of OVA-sensitized
mice with the DEX-NP vaccine prevented induction of
anaphylactic shock and allergic asthma accompanied by IgE
inhibition.

Conclusions: Opsonization of lectin-coated NPs by activated
complement components results in selective B-cell targeting.
The intrinsic B-cell targeting property of lectin-coated NPs
can be exploited for treatment of allergic immune responses.
(J Allergy Clin Immunol 2018;142:1558-70.)

Key words: Dendritic cells, B cells, complement, antibody, comple-
ment factor 3, lectin pathway, 1gG,,

Allergen-specific immunotherapy (AIT) through repeated sub-
cutaneous injections or sublingual application of increasing doses
of allergen leading to allergen-specific tolerance is a well-
established therapy of type 1 allergic diseases.' However, because
of the long duration of this therapeutic approach and associated
side effects, alternate vaccination strategies that aim to override
T2 polarization have come into the focus of research.”

Conventional vaccines that include allergen plus adjuvant do
not selectively address specific antigen-presenting cell (APC)
types, and both components can act independently from each
other. In this regard allergen can be recognized by IgE antibodies
on the surfaces of basophils or mast cells and trigger allergic
reactions, and the adjuvant can induce unwanted inflammatory
side effects.’ Indeed, it was shown that DNA that contained non-
methylated CpG motifs and thereby activated B cells through
Toll-like receptor (TLR) 9 induced production of anti-DNA
antibodies.”

More recently, targeting of dendritic cells (DCs) with an
allergen conjugated with a surface receptor—specific antibody’
or a natural ligand® has been shown to promote T-cell tolerance in-
duction. In these cases signaling of the targeted receptor induced a
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protolerogenic state in DCs. As an alternative, Ty2-dependent
allergic reactions were inhibited by redirecting the immune
response toward a Tyl response through coapplication of adju-
vants that imprint a Ty 1-promoting capacity in DCs." Therefore
multifunctional vaccines hold great promise for AIT.”* Because
of advances in nanotechnology, complex nanoparticulate vac-
cines are now being explored that contain antigens, immunosti-
mulants, and/or specific cellular targeting moieties.

However, the protein corona that covers the nanovaccine after
serum contact can interfere with cell-specific targeting strategies
through several mechanisms: (1) targeting moieties can be
covered, preventing them from binding to their specific receptors
on target cells’; (2) components of the serum protein corona of
nanovaccines might mediate binding to cellular receptors, such
as scavenger receptors'’; and (3) the surface of the nanocarrier
can be recognized as foreign by the complement system, trig-
gering its activation and resulting in binding to complement re-
ceptors (CRs) highly expressed by APCs and other immune cell
types."’

Nonetheless, the functional effect of the nanoparticle (NP)
protein corona on its cell-binding properties in vivo has not
been thoroughly assessed. Knowledge of functional conse-
quences is essential for the design of the surfaces of nanocar-
riers to ensure their proper cellular targeting and functional
efficacy.

In this study we investigated the suitability of dextran-
coated ferrous nanoparticles (DEX-NPs), which are widely
used in immunologic assays'” and clinical trials,"” to serve as
nanovaccines for therapeutic treatment of systemic anaphy-
laxis and allergic asthma in mouse models. We show that
lectin-coated surfaces of DEX-NPs activated the lectin com-
plement pathway. Surface-deposited active complement factor
3 (C3) resulted in predominant targeting to CR1/2-expressing
B cells. DEX-NPs coated with ovalbumin (OVA) as a model
allergen plus immunostimulatory CpG oligodeoxynucleotides
(ODNs) induced strong OVA-specific IgG,, levels. Vaccination
of sensitized mice with this model nanovaccine largely pre-
vented allergic symptoms in anaphylaxis and asthma models
associated with suppressed IgE levels and increased IgG,,
levels. We consider the complement-mediated B-cell targeting
properties of lectin-coated NPs as an interesting approach for
allergy treatment.
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METHODS
Preparation and functionalization of dextran-coated
colloidal NPs

Dextran-coated iron oxide NPs were synthesized and functionalized
with endotoxin-depleted OVA (Sigma-Aldrich, Deisenhofen, Germany)
and CpG ODN 1826 (5'-TCC ATG ACG TTC CTG ACG TT-3';
Metabion, Martinsried, Germany) by Miltenyi Biotec (Bergisch Glad-
bach, Germany), as previously described.'” Details on DEX-NP genera-
tion are described in the Methods section in this article’s Online
Repository at www.jacionline.org. All DEX-NP formulations were
labeled with Cys5.

Label-free quantitative proteomic analysis of

corona components

NP protein complexes were isolated by means of centrifugation through a
sucrose cushion, and the obtained pellets were washed to obtain the hard
protein corona, as described previously.'* Corona constituents were eluted
from DEX-NP(OVA) by using 7 mol/L urea, 2 mol/L thiourea, and 2%
CHAPS (all from Roth, Karlsruhe, Germany). Label-free quantitative proteo-
mic analysis of protein corona components by using mass spectrometry with
ion mobility—enhanced data-independent acquisition was performed, as
described in detail previously.'>"'® The complete proteomic data set with all
quantification results is shown in File E1 in this article’s Online Repository
at www.jacionline.org.

Mice

BALB/c, C57BL/6, and C3~'~ (B6;12984-C3™!"/J)'”; mannose-binding
lectin (MBL) ™/~ (B6.129S4-Mbl '™ %2 Vb2 Kat2/1) 18 and OT-IT' mice
on the C57BL/6 background were bred and maintained in the Central Animal
Facility of the Johannes Gutenberg-University Mainz under specific pathogen-
free conditions on a standard diet according to the guidelines of the regional
animal care committee. Female mice (BALB/c, C57BL/6, C37/7, and
MBL ™™ mice: 6 weeks; OT-II mice: 9-12 weeks) were used throughout all
experiments. All animal experiments were performed in accordance with na-
tional and European (86/609/EEC) legislation. The “Principles of laboratory
animal care” (National Institutes of Health publication no. 85-23, revised
1985) were followed.

Immunohistochemistry

Mice were injected intravenously with DEX-NP formulations (each
with 2 X 10'? particles), as indicated. In blocking experiments mice were
pretreated with 50 g of rat anti-mouse CD21/CD35 antibody (clone 7G6;
BD Biosciences, San Jose, Calif) or corresponding isotype control anti-
body (clone RTK4530; BioLegend, San Diego, Calif) 1 hour before appli-
cation of DEX-NP formulations. Four hours after DEX-NP injection, inner
organs were retrieved, and derived cryosections were incubated with 4'-6-
diamidino-2-phenylindole dihydrochloride (DAPI; Life Technologies,
Carlsbad, Calif) and Alexa Fluor 488-labeled antibodies (BioLegend) to
detect immature (GR-1, clone RB6-8C5) and differentiated (CDI11b,
M1/70) myeloid cells, macrophages (CD68, FA-11), DCs (CDllc,
N418), B cells (CD19, 6D5), and follicular dendritic cells (FDCs; FDC-
M1). BX61 and IX81 fluorescence microscopes (Olympus, Tokyo, Japan)
were equipped with cellF software (Soft Imaging System, Miinster,
Germany).

Confocal microscopy

Immunosorted (Miltenyi Biotec) and untouched splenic B cells were
incubated with Cy5-labeled DEX-NP(OVA-CpG), as indicated; washed with
FACS buffer (PBS, 1% FCS, and 0.5 mmol/L EDTA); and transferred onto
chamber slides (IBIDI, Martinsried, Germany). Cells were incubated with
anti-CD19 antibody (green) and DAPI (blue). The LSM510-UV confocal
microscope (Zeiss, Jena, Germany) was used.
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NP binding studies

Immunosorted splenic CD19™ B cells were seeded into wells of 96-well
cell culture plates (5 X 10°/200 pL). Aliquots of nonfunctionalized
DEX-NPs (DEX-NP[—]; 5 X 10" per sample) were preincubated (for
1 hour at 37°C) with albumin (5 mg/mL; Sigma-Aldrich), mouse total IgG
(100 pg/mL; BioLegend), or mouse serum (10 pL per sample) and left
untreated or heat inactivated (for 30 minutes at 56°C) in a volume of 20 L.
Aliquots of dextran- and starch-coated NPs (each 10 wg) were preincubated
with mouse serum, as indicated. In some experiments seeded mouse B cells
were preincubated (for 30 minutes at 37°C) with rat anti-mouse
CD21/CD35 antibody (5 pg/mL). After 4 hours, samples were incubated
with Alexa Fluor-labeled anti-mouse CD19 (clone 6D5) antibodies or
corresponding isotype control antibodies.

For in vivo analysis, DEX-NP formulations were administered
intravenously through the tail vein, and spleens were retrieved after 4 or
24 hours. Spleen cell suspensions were incubated with cell type—specific
antibodies (see above). Frequencies of DEX-NP(—) binding immune cells
were assessed by using flow cytometry (LSR II; BD Biosciences) and analyzed
with FlowJo software (FlowJo, Ashland, Ore).

In vivo T-cell proliferation

To assess OVA-specific CD4" T-cell proliferation in vivo, we used
OT-1I mice, which have CD4" T cells that express a transgenic T-cell
receptor that recognizes OVAjzz3.330 (ISQAVHAAHAEINEAGR) in the
context of I-A®. To this end, splenocytes derived from OT-IIxCD45.1
mice were labeled with 0.5 wmol/L carboxyfluorescein succinimidyl ester
(CFSE; Life Technologies) for 10 minutes. CFSE-labeled splenocytes 10’
in 200 pL of PBS) were transferred intravenously into C57BL/6 mice.
After 48 hours, DEX-NP formulations at equivalent doses of OVA
(4 pg per mouse) and CpG ODN 1826 (0.4 pg/mouse) were injected
intravenously. Four days later, spleens and peripheral lymph nodes were
removed, and cell suspensions were analyzed for proliferation of
CFSE-labeled T cells by using flow cytometry.

Antibody detection

Mice were bled 14 days after immunization from the retro-orbital plexus,
and sera were collected. OVA-specific 1gG;, 1gG,,, and IgE levels were
quantitated by means of ELISA. For this, plates were coated with OVA
(25 mg/mL) and incubated with diluted sera (for IgG, detection, 1:10%; for
1gG,, detection, 1:500; for IgE detection, 1:10). Afterward, IgG
class-specific rat anti-mouse antibodies conjugated with horseradish
peroxidase were applied (Dianova, Hamburg, Germany).

Cytokine quantification

Cytokine contents (TNF-a and IL-6) in supernatants of spleen cells
were detected by using the CBA assay (BD Biosciences), a previously
described.”® Samples were analyzed in the FL3 channel of an LSR-II
flow cytometer. Results were analyzed by using CBA Analysis software
(BD Biosciences).

Anaphylaxis model

In a therapeutic model of systemic anaphylaxis, BALB/c mice were
sensitized subcutaneously 3 times (days 0, 7, and 14) with 10 ng of OVA
in PBS (10 pg per mouse). One week after the last sensitization, mice
were vaccinated intravenously 3 times every other day with different
DEX-NP formulations at equivalent doses of OVA (4 pg) or
corresponding numbers of DEX-NP(—) in 200 nL of PBS or with PBS
as a solvent control alone. At days 14 (before the first vaccination) and
28 (after the third vaccination), blood samples were collected for antibody
measurements. One week after the last vaccination, untreated (naive) and
differentially pretreated mice were challenged with OVA (25 pg per
mouse) by means of intravenous injection, and body temperature was
monitored rectally every 15 minutes.
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Asthma model

In a therapeutic model of asthma, BALB/c mice were sensitized with
10 g of OVA emulsified in 1.5 mg of Alum (Pierce, Rockford, IlI)
administered intraperitoneally 2 times (days 0 and 7). Mice were vaccinated
with DEX-NP formulations (days 10 and 12) at equivalent doses of OVA
(4 pg) or with corresponding numbers of DEX-NP(—) in 200 pL of PBS or
with PBS alone. Untreated (naive) and differentially treated mice were
challenged daily with nebulized OVA (1% in PBS for 20 minutes) 3 times,
starting on day 14. Two days after the last challenge, differentially pretreated
mice were administered serially increasing doses of methacholine, and
airway hyperresponsiveness was measured, as previously described.’
Afterward, bronchoalveolar lavage was performed to yield
lung-infiltrating immune cells. Bronchoalveolar lavage fluid—derived cells
were cytospun (5 X 10° cells per slide) onto microscope slides, stained
with Diff-Quick (Dade Behring, Marburg, Germany), and photographed
for morphologic analysis. Sections of lung tissue were stained with
hematoxylin and eosin to identify inflammatory cells. Lung inflammation
was scored (no change, score = 0; mild, score = 1; moderate, score = 2;
and severe, score = 3), as previously described.””

Bioinformatics and statistical analysis

Statistical analysis was performed with GraphPad Prism 4.0 software
(GraphPad Software, San Diego, Calif). Results were expressed as
means = SEMs. Differences among groups were tested by using ANOVA.
Data were normally distributed, and variance between groups was not
significantly different. Differences between 2 groups were tested by
using the paired Student ¢ test, assuming significance at a P value of
less than .05.

RESULTS
Systemically applied DEX-NPs target B cells
Generation of DEX-NP formulations and their physicochem-
ical characterization are described in the Methods section and in
Table El in this article’s Online Repository at www.jacionline.
org. Atomic force microscopy showed a spherical shape of
DEX-NPs and confirmed limited size variability (see Fig El in
this article’s Online Repository at www.jacionline.org). To assess
the suitability of DEX-NPs as vaccines, we first monitored their
organ biodistribution and cell type—specific accumulation after
intravenous injection into mice. DEX-NP(—) accumulated
preferentially in the liver (see Fig E2, A, in this article’s Online
Repository at www.jacionline.org), where they colocalized with
the CD11b" macrophage population (see Fig E2, B). However,
a considerable fraction of DEX-NP(—) also accumulated to the
spleen. Within the spleen, DEX-NP(—) scarcely colocalized
with phagocytic myeloid cells, namely GR-1" immature myeloid
cells/neutrophils and CD68% macrophages, but with CD11c”*
DCs (Fig 1, A). Surprisingly, the vast majority of DEX-NP(—)
accumulated within the B-cell areas of the spleen (Fig 1, B, left
panel) and colocalized with CD19™" B cells (Fig 1, B, right panel).
FDCs displayed some engagement of DEX-NP(—) (Fig 1, A).

B-cell targeting by DEX-NPs depends on activation
of the lectin complement pathway and deposition
of activated C3 on the particle surface

Next, we investigated the mechanism leading to specific B-cell
targeting by DEX-NP(—). In contrast to the in vivo situation,
DEX-NP(—) bound poorly to immunomagnetically sorted
CD19" splenic B cells in vitro (Fig 2, A), which suggested a
critical role for mouse serum components that might form a
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FIG 1. DEX-NPs colocalize with CD19" B cells. Cy5-labeled DEX-NPs (DEX-NP[—]) were administered
intravenously into mice. After 4 hours, retrieved spleen sections were incubated with antibodies
(green fluorescence) and DAPI (blue) to identify immature myeloid cells/neutrophils (GR-1%), macrophages
(CD68*), DC (CD11c™), and FDCs (FDC™; arrows denote cells colocalizing with DEX-NP[—]; A) and B cells
(CD19%; B). Results are representative of 4 experiments. Fig 1, A and B, left panel, X20 magnification;
Fig 1, B, right panel, x40 magnification.

protein corona around DEX-NP(—) in vivo. However, in vitro
pretreatment of DEX-NP(—) with known major constituents of
protein coronae'”? had no effect on subsequent B-cell binding
(Fig 2, A). In contrast, pretreatment of DEX-NP(—) with native
mouse serum Yyielded strong binding and uptake of DEX-NPs
by B cells, as confirmed by using confocal microscopy
(Fig 2, B). Heat treatment (at 30 minutes for 56°C) of mouse
serum before incubation with DEX-NP(—) prevented B-cell
binding (Fig 2, A), which suggested a decisive role of complement
factors.” Indeed, quantitative proteomic analysis of the protein
corona of DEX-NP(—) pretreated with native mouse serum iden-
tified components of the lectin-activated complement cascade,
including MBL-associated proteases 1 and 2 (Table I). Both pro-
teins are recruited and activated by MBL, which recognizes poly-
saccharides on cell surfaces of pathogens.”* MBL-associated

proteases 1 and 2 can activate C3 convertase, which results in
deposition of activated C3b on lectin-coated surfaces. In line
with this, C3 was identified as a major constituent of the DEX-
NP(—) protein corona (Table I and Fig 2, C). All CRs preferen-
tially bind C3 products.” Therefore activated C3 constituted a
likely candidate for binding of serum-opsonized DEX-NPs to B
cells.

Preincubation of DEX-NP(—) with recombinant C3 protein
yielded no enhanced B-cell binding (Fig 2, D), which
demonstrates that C3 activation on the NP surface is required
for subsequent B-cell binding (Fig 2, E). In accordance with
this, DEX-NP(—) opsonized with serum derived from c3 -
and MBL ™'~ mice showed strongly reduced B-cell binding.
Serum-pretreated DEX-NP(—) had no effect on overall viability
of spleen cells (see Fig E3, A, in this article’s Online Repository
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FIG 2. Complement opsonization of DEX-NPs mediates B-cell binding. A and C-E, Frequencies of B cells
(in vitro) binding differentially pretreated DEX-NP(—) derived from wild-type (WT; Fig 2, A and D) or
knockout (Fig 2, E) mice after 4 hours of coincubation (n = 3). B, Internalization of DEX-NP(OVA-CpG) by
B cells (in vitro) after 4 hours. Fig 2, D, Complement C3 abundance in the DEX-NP(—) protein corona
(n = 3). Fig 2, Aand C-E: *P < .05, **P < .01, and ***P < .001.

at www.jacionline.org) and also did not activate splenic
leukocytes, as shown by unaltered cytokine profiles (see
Fig E3, B), which suggests that complement activation is confined
to the DEX-NP(—) surface.

In accordance with our findings for mouse B cells, pretreatment
of DEX-NP(—) with human plasma resulted in a strongly
enhanced binding to CD19 " human B cells, which was abolished
by heat inactivation of complement as well (see Fig E4 in this
article’s Online Repository at www.jacionline.org). Thus our
results obtained in mice might be of translational relevance for
clinical application in human subjects.

C3-opsonized DEX-NPs bind B cells through CR1/2

Antibody-mediated blockade of CR1/2 (CD21/CD35) on
B cells completely prevented binding of serum-pretreated
DEX-NP(—) in vitro (Fig 3, A) and reduced colocalization
of DEX-NP(—) with splenic B cells in vivo (Fig 3, B and C).

Other solid-core NP formulations that were coated with starch
(Fig 3, D and E) or dextran (Fig 3, F) engaged B cells in a
complement-dependent manner as well. In contrast, standard
silica NPs, which bound to splenic B cells to a high extent in
the absence of serum, displayed strongly reduced B-cell binding
after serum preincubation (Fig 3, G). This suggests that only
lectin-coated NPs bind B cells in a complement-mediated fashion
by triggering the lectin pathway of complement activation.

DEX-NPs that codeliver antigen and adjuvant
induce APC activation and an antigen-specific CD4*
T-cell response

Next, we evaluated the suitability of DEX-NP-derived
formulations for B cell-focused vaccinations. DEX-NPs coupled
with the model antigen OVA (DEX-NP[OVA]) and with the
Tyl-promoting immunostimulatory CpG ODN 1826 (DEX-NP
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TABLE I. Top 20 most abundant corona proteins detected after incubation of DEX-NP(OVA) with untreated and heat-inactivated

mouse serum*

Total protein (%)

UniProt accession no. Protein Isoelectric point Molecular weight (kDa) Reported peptides Native serum Heat-inactivated serum
P01027 Complement C3 6.27 188 125 7.7 3.6
P11276 Fibronectin 5.25 276 111 3.2 34
P07724 Serum albumin 5.68 71 51 3.1 4.5
008677 Kininogen-1 6.05 74 29 3.1 3.1
P06909 Complement factor H 6.60 144 73 3.0 1.9
P35441 Thrombospondin-1 4.54 134 72 2.9 24
Q61838 ap-Macroglobulin 6.23 167 70 2.7 4.2
P01029 Complement C4-B 7.25 195 82 2.3 2.0
P26262 Plasma kallikrein 7.89 73 41 2.2 0.9
P98064 MBL.-associated lectin 5.21 82 35 2.2 1.5
serine protease 1
(MASP-1)
QI9ESB3 Histidine-rich 7.33 60 23 2.1 2.2
glycoprotein
P19221 Prothrombin 6.00 72 41 2.1 0.6
P28665 Murinoglobulin-1 5.96 167 72 1.9 2.4
Q92111 Serotransferrin 6.85 79 44 1.8 2.2
Q91WPO MBL-associated serine 5.63 77 34 1.8 0.5
protease 2 (MASP-2)
088783 Coagulation factor V 5.61 248 55 1.7 2.2
Q8VDD5 Myosin-9 5.38 228 26 1.7 2.5
P06684 Complement C5 6.37 191 75 1.6 0.9
P01872 Ig mu chain C region 6.58 51 24 1.5 1.5
secreted form
Q61702 Inter-a-trypsin inhibitor 6.51 102 33 1.4 2.2

heavy chain H1

*Proteins associated with the lectin pathway of complement activation are shown in boldface. The complete data set is shown in File E1.

[OVA-CpG]) in addition retained their B-cell targeting properties
in vivo (see Fig ES5 in this article’s Online Repository at
www.jacionline.org). Within the spleen, CpG ODN-coupled
DEX-NPs mediated upregulation of CD86 expression by B cells
(Fig 4, A and B), engaged no CD86 " macrophages but did engage
CDl1lc™ DCs (Fig 4, C) and activated these (Fig 4, D).
Furthermore, application of DEX-NP(OVA) yielded moderate
proliferation of adoptively transferred OT-II CD4" T cells,
which were enhanced strongly on coinjection of CpG ODN
1826 (Fig 4, E and F).

Induction of a Ty1-biased antibody response by
antigen/adjuvant-codelivering DEX-NPs depends
on B-cell targeting

As expected, only vaccination with DEX-NP(OVA-CpG)
mounted very high levels of Ty1-associated OVA-specific IgG,,
antibodies but only slightly increased levels of Ty2-associated
OVA-specific IgG; and IgE (Fig 5, A). Moreover, DEX-NP—
mediated induction of OVA-specific 1gG,, was much stronger
than application of equimolar amounts of soluble OVA protein
plus soluble CpG in parallel experiments (Fig 5, B).

In accordance with the critical role of activated C3 to mediate
B-cell targeting of DEX-NPs, immunization of C3~/~ and
MBL ™/~ mice with DEX-NP(OVA-CpG) yielded no or strongly
attenuated OVA-specific 1gG,, production. Congruently,
antibody-mediated blockade of CR1/2 strongly reduced the
frequency of splenic CD19" B cells that colocalized with

DEX-NP(OVA-CpG) (Fig 5, C) and inhibited OVA-specific
1gG,, antibody production (Fig 5, D).

In a therapeutic setting vaccination of mice with
antigen/adjuvant-codelivering DEX-NPs prevents
IgE-mediated anaphylactic shock

To assess the therapeutic potential of DEX-NPs, we used a
model of systemic anaphylaxis (Fig 6, A). Only vaccination of
sensitized mice with the antigen/adjuvant-codelivering NP
formulation (DEX-NP[OVA-CpG]) prevented a decrease in
body temperature after challenge (Fig 6, B), which was associated
with an inhibition of OVA-specific IgE (Fig 6, C) but a strong in-
duction of OVA-specific IgG,, antibody production (Fig 6, D and
E). Levels of OVA-specific IgG; remained largely unaltered in all
groups of mice (see Fig E6 in this article’s Online Repository at
www.jacionline.org).

Vaccination of mice with antigen/adjuvant-
codelivering DEX-NPs prevents asthma in a
therapeutic setting

Similarly, in a therapeutic model of allergic asthma (Fig 7, A),
only sensitized mice vaccinated with DEX-NP(OVA-CpG) before
challenge with nebulized OVA showed no strong airway
hyperresponsiveness in response to pretreatment with higher
doses of methacholine (Fig 7, B), lacked lung-infiltrating
eosinophils (Fig 7, C), and had no increased lung inflammation
score (Fig 7, D, and see Fig E7 in this article’s Online Repository
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mice pretreated with isotype control or anti-CD21/CD35 antibody assessed 4 hours after injection (3 mice
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(Fig 3, G; n = 4). Fig 3, A, C, and E-G: *P < .05, **P < .01, and ***P < .001.

at www.jacionline.org). In line with this, only these mice showed  In general, levels of OVA-specific IgG; remained largely
no induction of OVA-specific IgE (Fig 7, E, upper panel) but  unaffected (see Fig E8 in this article’s Online Repository at
strongly upregulated OVA-specific IgG,, (Fig 7, E, lower panel).  www.jacionline.org).
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FIG 4. Functionalized DEX-NPs activate B cells and DCs in vivo and evoke CD4" T-cell proliferation.
A-D, Frequencies of activated B cells (24 hours; Fig 4, A and B), DCs and macrophages (4 hours; Fig 4, C),
and activated DCs (24 hours; Fig 4, D) after intravenous application of DEX-NP formulations (3 mice per
group, compiled from n = 2 [total of 6 mice per group]). E and F, Proliferation of CD4" OT-II T cells assessed
3 days after vaccination with DEX-NP(OVA) and soluble CpG (4 mice per group; representative of 3
experiments; Fig 4, E) and according quantification (n = 3; a total of 12 mice per group; Fig 4, F). Fig 4,
B-D and F. *P < .05, **P < .01, and ***P < .001.

allergies by promoting Ty 1-associated IgG,, antibody switching.
Therefore we conclude that lectin-coated NP vaccines, which
intrinsically target B cells and codeliver antigen and a

Altogether, these results confirm that vaccination of sensitized
mice with DEX-NP(OVA-CpG) prevents induction of a
Ty2-associated humoral immune response, which in turn drives
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FIG 5. Functionalized DEX-NPs induce profound antibody production dependent on complement activity
and binding to CD21/CD35. A, B, and D, OVA-specific IgG, IgG,,, and IgE in sera of mice obtained 10 (Fig 5,
B and D) or 14 (Fig 5, A) days after vaccination with OVA and soluble CpG or DEX-NP formulations or PBS
alone (control group) and in the presence of anti-CD21/CD35 or isotype control antibody (Fig 5, D).
C, Frequencies of splenic B cells that colocalized with DEX-NPs 4 hours after application. Fig 5, A and C,
Five mice per group compiled from n = 2 (a total of 10 mice per group); Fig 5, B and D, 3 mice per group
compiled from n = 3 (a total of 9 mice per group). Fig 5, A-D: *P < .05, **P < .01, and ***P < .001.

Tyl-promoting adjuvant, such as CpG ODN, are suitable
candidates for therapeutic treatment of allergies.

DISCUSSION

Here we show that DEX-NPs trigger activation of the lectin
pathway of complement activation’® and demonstrate the
essential role of active C3 deposited on DEX-NPs to mediate their
binding to CD19" B cells through CR1/2. To the best of our
knowledge, our study is the first to demonstrate specific B-cell
binding of an NP not functionalized with a B-cell targeting
antibody but rather because of its intrinsic complement-
activating potential. These key findings are summarized in
Fig E9 in this article’s Online Repository at www.jacionline.org.

Based on the intrinsic B-cell targeting properties of DEX-NPs
and their concurrent binding to a fraction of splenic CD11c¢* DCs

required to induce primary CD4 " T-cell responses,” we evaluated
the suitability of DEX-NPs to serve as a nanovaccine for the
induction and therapeutic modulation of humoral immune
responses. We used the model antigen OVA, which is frequently
used in mouse allergy models.”” In addition, we used CpG ODN
1826, which binds to TLR9 expressed by splenic DCs and B cells,”*
as a Tyl-promoting adjuvant to alter allergy-inducing Ty2
responses, as already reported by others.”” Activation of splenic
DCs by CpG ODN-conjugated DEX-NPs in vivo is in line with
previous reports on endocytotic uptake of CpG ODN-—coupled
NPs by DCs and hence accessibility of endosomal/lysosomal
TLR9.” Our finding of concurrent B-cell activation indicates
that targeted B cells must have internalized at least a fraction of
C3-opsonized DEX-NP(OVA-CpG) to trigger TLR9 as well.”*!
The induction of pronounced OVA-specific 1gG,, but largely
unaltered IgG; antibody levels on vaccination with
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FIG 6. Vaccination of OVA-sensitized mice with OVA CpG-—codelivering DEX-NPs prevents IgE
induction and inhibits anaphylactic shock. A, Experimental design. i.v., Intravenous; s.c., subcutaneous.
B, Alterations of body temperature after challenge (15 mice per group, compiled from n = 3). C and D,
OVA-specific IgE (Fig 6, C) and IgG,, (Fig 6, D) in serum obtained before the first (day 14) and after the
last (day 28) vaccination with indicated DEX-NP formulations or PBS alone (control group). E, 1g9G2./IgG4
ratio. Fig 6, C-E, Five mice per group; 1 experiment representative of 5. Fig 6, B-E, *P < .05, **P < .01, and

***P < .001.

DEX-NP(OVA-CpG) is in accordance with the Tyl-skewing
properties of the type of CpG ODN used.”” Application of
DEX-NP(OVA-CpG) to C3~'~ mice yielded no OVA-specific
antibody response, which is in agreement with our finding of
C3-dependent B-cell targeting of DEX-NP formulations. C3 ™/~
mice in general are characterized by diminished antibody
production after protein immunization.”>** However, MBL '~
mice show no such defect'” but also mounted poor antibody re-
sponses after vaccination with DEX-NP(OVA-CpG). These find-
ings underscore the strict requirement for lectin-induced

complement C3 activation on the DEX-NP surface for subsequent
B-cell targeting, which in turn is indispensable for induction of
antigen-specific antibody responses.

Indeed, it was shown previously that complement opsonization of
pathogens and proteins resulted in their binding to CR1/2 on
B cells.””* In case of an antigen-specific B-cell receptor (BCR),
concomitant engagement of CR1/2 and the BCR strongly increased
uptake of complement-opsonized material and, consequently, anti-
body production. Nucleic acids applied in soluble form were re-
ported to activate autoreactive B cells.” Therefore soluble CpG,
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FIG 7. Treatment of OVA-sensitized mice with OVA/CpG-codelivering DEX-NPs prevents asthma.
A, Experimental design. i.p., Intraperitoneal; i.v., intravenous. B, Airway resistance measurements of
mice vaccinated with the indicated DEX-NP formulations or PBS alone after challenge and administration
of methacholine (6 mice per group, representative of n = 2). C, Eosinophil numbers in bronchoalveolar
lavage fluid (BAL; 300 cells counted per sample; 7 samples per group; compiled from n = 2). D, Lung
inflammation scores (40 sections scored per group; 10-12 mice per group; n = 2). E, OVA-specific antibodies
in sera (10-12 mice per group; compiled from n = 2 [a total of 20-24 mice per group]). Fig 7, B-E: *P < .05,

*¥*P<.01, and ***P < .001.

when used as an adjuvant in conventional vaccination, might
contribute to the risk of inducing autoimmune diseases. The strategy
to use a CpG ODN—carrying nanocarrier with internalization that is
not mediated by macropinocytosis, as in case of soluble CpG ODN,
but depends on interaction of codelivered allergen with the BCR and
of opsonizing C3 with CR1/2 might limit in part unwanted stimula-
tion of autoreactive B cells.

Our finding of low antibody levels in C3~'~ and MBL '~ mice
immunized with DEX-NP(OVA-CpG) suggests that binding only

through OVA to a specific BCR is insufficient for effective NP
uptake by B cells. Our finding of superior antibody induction
by vaccination with particulate antigen/adjuvant combinations
is in line with previous studies.”” Thus far, this effect was largely
attributed to stronger activation and antigen transfer to DCs.
However, our results support that B-cell targeting might play a
major role because it was previously shown that stimulated B cells
that had internalized protein antigen through the BCR exerted
potent CD4" T-cell stimulatory activity.’® Therefore we cannot
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rule out that in our setting DEX-NP-targeted B cells constitute the
dominant APC population and strongly promote Tyl
polarization.

In models of systemic anaphylaxis and asthma, we show that
vaccination of sensitized mice with our effective nanovaccine
DEX-NP(OVA-CpG) completely inhibited allergic reactions. In
both allergy models we observed an inhibition of OVA-specific
Ty2-associated IgG; and IgE induction at the expense of strongly
upregulated Tyl-asociated IgG,,. After NP therapy, in the
anaphylaxis model body temperatures remained unaffected after
challenge, and in the asthma model no lung inflammation was
observed, probably because of the lack of IgE. In similar
approaches poly(lactic-co-glycolic acid)-based NPs loaded
with a relevant allergen plus CpG ODN were efficient in the
treatment of house dust mite—induced asthma in a preventive
setting”’ and for therapeutic application in a peanut allergy
model.”® Therefore the strategy to prevent or override Ty2
polarization and hence IgE production in favor of Ty1 for allergy
treatment is well substantiated.

In these vaccination studies the authors proposed that their
nanovaccines acted predominantly on the level of DC activation
and antigen transfer to result in Ty 1-biased antibody responses. In
this context the importance of B cells as the actual inducers of
humoral immune responses was not assessed. Somewhat
surprisingly, specific B-cell targeting has thus far been addressed
only with regard to the delivery of chemotherapeutics to kill
B lymphoma cells.” Toward this purpose, different types of
nanocarriers have been conjugated with antibodies that recognize
B cell-specific surface receptors.*’

In contrast to ongoing vaccination approaches that focus on
DCs as critical inducers and regulators of Ty cell responses,”” our
work shows that the intrinsic B-cell targeting properties of
lectin-coated NPs can be successfully exploited for improvement
of AIT and that direct B-cell targeting is actually critical to mount
antibody responses. Moreover, DEX-NPs in vivo also bound
FDCs, which express CR1/2 as well, and serve to retain native
antigen for long periods of time.”* It remains to be shown whether
binding of C3-opsonized NPs to FDCs yields according long-term
effects of vaccination, including B-cell memory.

We show that other types of NPs coated with dextran or starch
bound B cells in a complement-dependent manner. We propose
that serum complement adsorption might be a general feature of
lectin-coated NPs, which suggests that functionalization of
nanovaccines with a lectin coating is sufficient to trigger
recognition by the complement system and C3-mediated B-cell
targeting. We observed complement-dependent targeting of
DEX-NPs for human B cells, which suggests clinical relevance
of this approach. In addition to lectin-dependent complement
activation, other types of NPs can induce distinct pathways of
innate immune recognition. Previously, we have shown that
various types of polystyrene and silica NPs were opsonized by
IgG and the complement component Clq after incubation with
human plasma,'” which is indicative of an activation of the
classical complement pathway.*'

We are confident that the strategy to design nanovaccines that
mimic pathogens, such as by applying a lectin coat, will allow
B cell-focused vaccinations to induce and shape humoral
immune responses. In addition, the inherent property of
nanocarriers to (co)deliver different kinds of biologicals and
drugs can also be exploited to address the whole B-cell
compartment (B cells and FDCs) through binding of
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C3-opsonized nanocarriers to CR1/2. Further studies are planned
to elucidate the potential of C3-mediated targeting of this
compartment to yield long-lasting therapeutic effects through
induction of B-cell memory, which also requires FDC-dependent
long-term storage of native allergen.*”

Subsequent studies need to address the therapeutic potential of
the B-cell compartment targeting nanovaccines that deliver
complex allergens, as required for successful AIT.** For this, a
nanocarrier can be coated with different allergens. Alternatively,
nanocarriers are conjugated with one type of recombinant
allergen out of a panel and are pooled before administration. In
any case, the inherent B-cell targeting property of according
nanovaccines might minimize unwanted binding of particulate
allergens to IgE receptors, as observed for soluble allergens.

We thank E. von Stebut-Borschitz and B. Lorenz for providing us with C3 '~
and MBL ™/~ mice. We thank I. Bellinghausen for helpful suggestions on the
preparation of the manuscript.

Clinical implications: Lectin-coated NPs trigger complement
activation, which results in deposition of activated C3 on the
NP surface. C3-coated NPs target B cells through CR1/2. This

mechanism can be exploited for allergy treatment by using
NPs that codeliver an allergen and a Ty1-promoting adjuvant,
as shown in mouse models of anaphylaxis and asthma.
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ABSTRACT

Despite considerable progress in the design of multi-functionalized nanoparticles (NP) to deliver drugs
in a cell type-focused manner, their systemic application still often results in unwanted liver
accumulation. The exact mechanisms contributing to this general observation have not been fully
elucidated yet. Here we asked for the role of cell targeting antibody amount per NP as a determinant of
NP liver accumulation. We used sarcosine-based peptobrushes (PB) which in an unconjugated form
remain in the circulation for a long time (>24h) due to low unspecific cell binding. PB were labeled with
a near infrared dye, and were conjugated with average numbers (2, 6 and 12) of antibodies specific for
the dendritic cell (DC) selective surface receptor DEC205. We assessed the time-dependent
biodistribution of PB-antibody conjugates by in vivo/ex vivo imaging and flow cytometry. We observed
that PB-antibody conjugates were trapped in the liver. The extent of liver accumulation of PB-antibody
conjugates correlated with the number of attached antibodies. In addition, liver endothelial cells are
mostly responsible for retaining aDEC205 coated PB, via their Fc receptors (FcR). Accordingly, PB-
antibody conjugates with an average of only two antibodies per brush showed lowest liver entrapment,
and engaged DC in spleen and lymph nodes at highest extent. Altogether, our study underlines that liver
endothelial cells play a yet scarcely acknowledged role in liver entrapment of antibody-coated NP, and
that low antibody numbers on synthetic NP are both necessary to minimize liver accumulation and

sufficient for specific cell targeting in other organs in vivo.

KEYWORDS nanoparticle, antibody, targeting, biodistribution, liver accumulation, liver endothelial

cells, peptobrush
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During the last forty years, nanoparticles (NP) have evolved as carrier systems for tissue- and cell
type-directed drug delivery. The first generation of NP developed for tumor targeting, e.g. Doxil,
exploited passive accumulation in the vasculature within solid tumors by the enhanced permeability and
retention (EPR) effect.! In contrast, reprogramming of our body own defense, the immune system, is
currently attracting more and more interest. Myeloid cells, such as macrophages (Mph) and dendritic
cells (DC), that are specialized to recognize and engulf pathogens? were shown to internalize NP that
mimic pathogens in terms of size and may be recognized by innate immune defense mechanisms like
the complement system.>* Mph degrade and internalize material more efficiently than DC, whereas DC
potently process pathogen-derived antigens and present them to T cells as a necessary step to induce
antigen-specific T cell responses.’ Therefore, the design of NP that actively target DC to minimize
unwanted binding/uptake by Mph and other cell types with endocytic and phagocytic capacity are in the
focus of research.®

Active DC targeting can be achieved by NP-conjugated moieties that bind surface receptors
specifically expressed by DC and not by Mph.” These surface receptors need to exert endocytic activity
in order to mediate internalization of an engaged NP. Besides derivatives of natural ligands such as
carbohydrates® or synthetically designed aptamers’, antibodies play a major role in this regard since they
show high target affinity and specificity.'” The attachment of several antibodies per NP increases the
overall avidity which may result in enhanced NP uptake, suggesting that an increase in valency of
targeting moieties may be a desirable goal of NP design. However, it was also reported that lowered
avidity can increase selectivity of cell targeting NP.!"" Commonly applied antibody conjugation
strategies rely on a random functionalization or direct attachment to lysine moieties in the protein,
leading to a non-oriented attachment of the antibody to the NP. If an antibody is attached to the NP in a
non-oriented manner, the constant Fc (fragment crystallisable) part may be exposed and facilitate
unwanted binding to Fc receptors that are widely expressed in the body.!> Concerning the design of
nano-vaccines for immunotherapeutic applications it remains an important issue to which extent the
antibody density of a NP upon systemic application may affect its biodistribtion on an organ level and

its cell type-specific targeting properties in a time-dependent manner.'?



So far, it has proven difficult to generate NP that are inert in terms of unspecific binding.* Further,
due to methodological problems, it has been a synthetic challenge to generate NP with a defined absolute
antibody number'* or even defined average number in a reproducible and scalable manner.'> Moreover,
so far comparative studies on the biodistribution of antibody-decorated NP have focused either on NP
accumulation in distinct organs'¢ or on target cell type-specific binding.!”

Therefore, our study aimed to delineate the role of antibody number on NP for their biodistribution
on organ and single cell levels, the specificity of cell type targeting, and which non-targeted cell types
may compete for NP engagement by which mechanisms. To this end, we employed a polysarcosine-
based cylindrical polymer brush that was characterized by very low interaction with cells in vivo,
resulting in long plasma circulation half-life.!31%-202122 NP were conjugated with defined numbers of
antibodies, namely 2, 6, and 12, targeting the surface receptor DEC205 (CD205), a type I cell surface
protein predominantly expressed by DC.? Using these antibody-coated peptobrushes, we analysed their
biodistribution by in vivo and ex vivo imaging and flow cytometry of liver, spleen and lymph node cells
generating detailed on organ and cellular distribution of NPs related to the number of antibodies attached

to their surface.



RESULTS

Polysarcosine-based peptobrushes can be precisely functionalized with an average numbers of
antibodies

For synthesis of the polysarcosine-based cylindrical brush polymers, termed peptobrushes (PB),
the backbone pLys2so was used as a macroinitiator for the controlled-living ring-opening
polymerization of sarcosine N-carboxy anhydride yielding polysarcosine side chains (Figure
1A). End group functionalization was achieved using azido-butyric acid pentafluorophenylester
to obtain quantitative azide functionality allowing antibody conjugation. The hydrophilicity of
the polysarcosine side chains provides a high biocompatibility, enzymatic, and oxidative
biodegradability of the PB.>* Furthermore, PB of different sizes were shown to display long
circulation half-lifes of up to 7 days in zebrafish embryos and in BALB/c mice.?

CD8a* conventional DC type 1 are characterized by expression of the C-type lectin
receptor DEC205 (CD205) and are capable to cross-present antigen of exogenous origin via
MHC-I to CD8* T cells.”® We and others have previously shown that antigen targeted to
DEC205 by specific antibodies results in endocytic uptake by DC and efficient antigen
presentation.!”* Therefore, to address DC as a suitable target cell type for nano-vaccines, we
used an anti-DEC205 antibody (aDEC205) for conjugation with PB. aDEC205 was modified
with a DBCO linker to allow for chemoselective bioconjugation to azide groups on the
peptobrush by strain promoted azide-alkyne cycloaddition (SPAAC), a well-established
protocol for the attachment of antibodies to nanoparticles.?® The conjugation to the brush,
however, results in a more or less random manner since the reactive ester reacts with the primary
amine of lysines within the antibody. As a consequence of this non-directive antibody
conjugation to the NP surface, some of the NP-bound antibodies likely have an outward
orientation of their Fc region, which may enable Fc receptor (FcR) mediated binding. Since
antibody conjugation is performed according to established protocols at physiological

temperature and pH, the structural integrity of the antibody is maintained. Moreover, purely by
6



stoichiometry a distinct average number of antibodies, namely 2, 6, and 12, were conjugated to
PB (Figure 1B). Western blot analysis revealed complete conjugation of introduced antibodies
(Figure 1C). UV-Vis spectroscopy confirmed conjugation of the desired numbers of antibodies
per PB (Figure 1D). Multiangle dynamic light scattering (DLS) analysis demonstrated similar
sizes of all PB formulations (Figure 1E). For detection of the PB in subsequent analysis the near

infrared dye CW800 was conjugated by SPAAC.
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Figure 1. Synthesis and characterization of PB-antibody conjugates: A) scheme of strain-
promoted azide-alkyne cycloaddition (SPAAC) reaction employed for antibody conjugation,
B) schematic illustration of PB-aDEC205 antibody conjugates, C) Western blot and D) UV-
VIS analysis of the effectivity of antibody conjugation, E) multi angle DLS analysis of PB-
aDEC205 antibody conjugates.



The antibody number of PB correlates with their accumulation in the liver, and inversely

correlates with their blood circulation time

We used the different PB-antibody conjugates with the three different antibody numbers to
investigate the impact of increasing antibody density per PB on their pharmacokinetics and
biodistribution after intravenous injection. For this, in vivo imaging was combined with ex vivo
analysis of blood and internal organs. As expected, PB w/o antibody displayed a half live
exceeding 24 h in blood (Figure 2A). All PB-antibody conjugates exhibited reduced blood
circulation times which inversely correlated with the number of attached antibodies. This effect
was most pronounced in case of PB conjugated with the highest number of antibodies (PB-
aDEC205[12]). In accordance with the stealth-like properties, polysarcosine PB formulations
w/o conjugated antibodies were scarcely detectable in any of the monitored internal organs at
24 h post injection (hpi) (Figure 2B, C). In contrast, all PB-antibody conjugates accumulated in
the liver. The extent of liver deposition was lowest in case of PB conjugated with 2 antibodies
(PB-aDEC205[2]), whereas PB with intermediate (PB-aDEC205[6]) and high (PB-
aDEC205[12]) antibody numbers per brush accumulated at higher extent (almost 2-fold for PB-

aDEC205[12]).
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Figure 2. Intravenously injected PB-antibody conjugates accumulate in the liver in correlation
with their antibody density: CW800-labeled PB formulations were systemically injected into
mice. A) Blood was retrieved at the time points indicated, and contents of PB formulations were
quantified by measurement of fluorescence intensities. Data indicate the mean of 3 samples per
group and time point), B) fluorescence imaging of organs retrieved from mice 24 hpi of PB
formulations, C) quantification of organ-specific fluorescence (see B). Data denote the
mean+SEM of 6-8 samples per group (compiled from 2-3 experiments; one way ANOVA,
significance: *p<0.001).

To elucidate which cell populations within the liver engaged the various PBs, liver cell
suspensions were subjected to flow cytometric analysis. Here we focused on non-parenchymal

cell (NPC) types previously shown to interact with different types of NP.?”?® In accordance



with the imaging results we observed that the mean fluorescence intensity (MFI) of total liver

NPC increased in correlation with PB antibody density at 3 hpi (Figure 3B, upper left panel).
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Figure 3. Liver endothelial cells bind PB-antibody conjugates in correlation with antibody
density: A) Flow cytometric analyses of liver non-parenchymal cell (NPC) populations at
various time points after systemic application of different PB formulations (3 hpi). Liver NPC
of mice differentially treated with CW800-labeleld PB formulations were prepared and
incubated with antibodies to differentiate liver endothelial cells (EC: CD45CD31%),
macrophages (Mph: CD45F4/80%), and dendritic cells (DC: CD45*CD11c"). Upper left panel:
total liver NPC, upper right panel: liver endothelial cells, lower left panel: liver Mph, lower
right panel: liver DC. Data denote the CW800 mean fluorescence intensities (MFI) of either
NPC population (mean+SEM, n= 6-8 obtained from 2-3 experiments; one way ANOVA,

*##%p<0.001), B) confocal laser scanning microscopy image of a liver endothelial cell incubated
10



with PB-aDEC205(12) conjugate for 1h in vitro. Cells were incubated with anti-CD146
antibodies to identify liver sinusoidal endothelial cells (LSEC: CD45 CD31*CD146%), and

Hoechst dye for nuclear staining. Scale bar: 10 pm.

Further analysis of distinct liver NPC populations revealed that PB with
intermediate/high antibody numbers were largely associated with liver endothelial cells (EC)
(Figure 3). On the contrary, the antibody number of PBs had no major effect on engagement by
liver macrophages (Mph) and DCs, as measured by MFI, which correlates to the number of NP
per cell (Figure 3A) in the applied concentration range. In agreement, at 3 hpi the numbers of
PB-positive liver NPC and EC correlated with the number of antibodies per PB, in contrast to
Mph and DC (see Supp Figure 1). Application of PB with intermediate antibody numbers
already resulted in maximal liver NPC and EC binding frequencies. However, as mentioned
before for PB with high versus intermediate antibody density, a higher PB density per cell was
observed in case of liver NPC and EC (see Figure 3).

These observations indicate that, the overall avidity as conferred by an intermediate
number of antibodies per PB was sufficient to engage all liver EC (see Supp Figure 1).
Second, the increase in the avidity of PB-antibody conjugates carrying a high versus
intermediate number of antibodies per PB conjugate resulted in binding of more PB per EC.
Due to prominent engagement of PB-antibody conjugates by liver EC we asked whether these
NP were internalized. Within the EC population, liver sinusoidal endothelial cells (LSEC)
have been reported to engulf NP.!® As depicted in Figure 3B, PB-aDEC205(12) were readily
internalized in vitro by CD146" LSEC after coincubation for 1h and accumulated in discrete
intracellular vesicle-like structures.

Altogether, these findings indicate that at low antibody numbers per PB the unwanted side
effect of liver accumulation is rather limited, whereas an intermediate antibody density was

sufficient to confer predominant deposition of PB in the liver. Surprisingly, EC exerted a

11



stronger PB-antibody conjugate binding capacity than Mph (and DC), both in terms of numbers

of PB-engulfing cells and the number of PB engaged per cell (MFI).

Liver EC engage PB-antibody conjugates via Fcy receptors

LSEC have been demonstrated to play an important immunological role by internalizing
immune complexes via different types of surface receptors including the Fcy receptor 1Ib
(FcyRIIb)?® which is not expressed by other EC populations and largely confined to immune
cells.’® Since aDEC205 antibodies were conjugated to PB in a more or less random manner, the
Fc part of a fraction of these may be accessible for binding. We tested the potential role of
Fc/FeyRIIb interaction for the observed binding and uptake of PB-antibody conjugates by liver
EC in blocking studies. To this end, isolated primary liver NPC were preincubated with an anti-
FcyRIIb/FcRIII specific antibody known to block binding of the Fc part, and subsequently
incubated with the different PB formulations. PB w/o antibody showed no cellular interaction
at the applied concentration (number of nanoparticles). As observed before, the frequencies of
EC and Mph that engaged PB-antibody conjugates correlated with increasing antibody number
(Figure 4A). Again, each PB-antibody conjugate was bound by a higher fraction of EC than by
Mph. In contrast, liver DC engaged all PB-antibody conjugates at comparable extent.
Interestingly, in vitro blockade of Fc receptors (FcR) almost completely abrogated the binding
of subsequently applied PB-antibody conjugates to EC and Mph whereas their binding to DC
remained unaltered, suggesting that liver DC mostly bound the NP via specific interaction of
the aDEC205 antibodies with their target, DEC205, whereas liver EC and Mph bound PB via
surface Fcy receptors. This observation indicates that within the liver EC population LSEC are

largely responsible for binding of PB-antibody conjugates.
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Figure 4. Blockade of Fc receptors reduces accumulation of PB-antibody conjugates in the liver.
A), Isolated liver NPC were preincubated with a FcyRII/III blocking antibody (Fc block),
followed by incubation with PB formulations for 1 h. Data denote the frequencies of PB-
positive cells of the different NPC populations as assessed by flow cytometry (see legend of
Figure 3A) and represent the mean+SEM (n= 3; one way ANOVA, *p<0.001), B-D), Mice
were pretreated with Fc block, followed by systemic application of PB formulations, B) Blood
was retrieved 6 hpi, and contents of PB formulations were quantified (mean+SEM, n= 2 per

group). Blood contents of PB formulations in samples derived from mice subjected to Fc block
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were normalized to the levels obtained w/o Fc block, C) Fluorescence imaging of mice at 3 and
24 hpi (left panel) and of organs retrieved 24 hpi (right panel), D) quantification of organ-
specific fluorescence at 24 hpi (see C, right panel). Data denote the mean+SEM of 3 samples

per group (one way ANOVA, significance: *p<0.001). LN: lymph node.

To confirm the role of FcR-mediated accumulation of antibody-decorated PB in the liver we
injected the FcyRIIb/FcyRIII-blocking antibody prior to systemic application of PB
formulations to block the FcR in vivo. While FcR blockade had no effect on the amount of
circulating PB w/o antibody and in PB-aDEC205(2), significantly more PB-aDEC205(6) (2-
fold) and PB-aDEC205(12) (2.5-fold) conjugates circulated in blood at 6 hpi (Figure 4B). In
agreement, FcR blockade had no effect on liver deposition of the PB conjugates with no and
low antibody content, but drastically reduced liver accumulation of PB-antibody conjugates
with intermediate and high antibody contents at 3 (Figure 4C, left panel) and 24 hpi (Figure 4C,
right panel, D). Notably, we observed no considerable increases of PB-antibody conjugate
levels in other organs after FcR blockade.

Flow cytometric ex vivo analysis confirmed the FcR blockade-dependent decrease of
binding of PB with intermediate/high antibody numbers to liver NPC (Figure 5, left upper panel,
Supp Figure 2, left panel, Supp Figure 3A). Interestingly, Fc blockade strongly reduced binding
of all PB-antibody conjugates to EC (Figure 5 and Supp Figure 2, Supp Figure 3B) Binding of
PB-antibody conjugates to DC and Mph was somewhat affected, albeit below statistical
significance (Figure 5, Supp Figure 2). Similar results were observed also at 24 hpi (Supp

Figure 4).
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Figure 5: Blockade of Fc receptors diminishes binding of PB-antibody conjugates to liver EC.
Mice were treated with Fc block and PB formulations as described in the legend of Figure 4.
Liver NPC were prepared 3 hpi, and the MFI of CW800 of either NPC population was assessed
by flow cytometry (see legend of Figure 3A). Upper left panel: total liver NPC, upper right
panel: liver EC, lower left panel: liver Mph, lower right panel: liver DC. Data denote the
mean+SEM (n= 6-8 obtained from 2-3 experiments; one way ANOVA, *p<0.05, ***p<0.001).

Taken together, these in vivo results indicate that also within the liver EC population
LSEC are mostly responsible for the retention of NP decorated with intermediate/high numbers
of antibodies in the liver by FcR-mediated binding of the antibodies” Fc part. This effect can be

counter-acted by prior application of an FcR blocking antibody.
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PB-antibody conjugates with low, but not with intermediate/high DC-targeting antibody

number enrich in secondary lymphoid organs

An important prerequisite of NP-based immunotherapeutic approaches that target antigen
presenting cells is that the NP reach secondary lymphoid organs, especially lymph nodes (LN)
and spleen. Therefore, we next assessed at which extent intravenously injected PB that were
functionalized with different amounts of antibodies were detectable in spleen and LN on a
single cell level in a time-dependent manner.

As also shown before (see Figure 2C), more PB-antibody conjugates were trapped in
the liver when functionalized with 6 or 12 antibodies per NP (PB-aDEC205[6], PB-
aDEC205[12]) than with 2 antibodies per NP (PB-aDEC205(2]) (Figure 6, left panel). In
general, the frequencies of PB-positive NPC were lower at 24 hpi versus 3 hpi. In spleen, 0.1-
0.5% of ex-vivo isolated whole spleen cells were PB-positive for either PB-antibody
formulation applied. Similar to liver NPC, the frequency of PB-positive spleen cells decreased
over time. Only few LN cells engaged either PB-antibody conjugate when assessed at 3 hpi,
whereas a significant percentage of LN cells had acquired PB at 24 hpi when these had been
functionalized with low amounts of antibodies (PB-aDEC205(2)). Importantly, LN
accumulation of PB decreased dramatically with increasing amounts of antibody per PB (Figure
6, right panel). Taken together, these observations suggest that in liver and spleen a fraction of
PB-antibody conjugates is engaged by cells in a transient manner only, and that only PB with
the low antibody number of 2, but not those with high antibody amounts of 6 and 12 accumulate

at their target cells later on.
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Figure 6: Liver accumulation of PB-antibody conjugates decreases over time, paralleled by
increased levels in lymph nodes in case of low/intermediate PB antibody density. Mice were
intravenously injected with PB formulations as described in the legend of Figure 2. After 3 hpi
(black bars) and 24 hpi (white bars), liver, spleen and LN were retrieved. The fractions of PB-
positive cells of the according cell suspensions (liver NPC, total spleen and LN cells) were
assessed by flow cytometry. Data denote the mean+SEM (n=6-8, obtained from 2-3
experiments; one way ANOVA, *p<0.05, ***p<0.001).

The effectiveness of DC targeting inversely correlates with antibody number on the PB

We showed that in the liver the extent of accumulation of PB correlated directly with the
number of attached antibodies (see Figure 3 and 5). In a complementary manner, the frequencies

of PB-positive spleen (Figure 7) and LN cells (Supp Figure 5, upper panel) and even more
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obviously their overall MFI (LN: Supp Figure 5, lower panel, spleen cells: Supp Figure 6)
inversely correlated with the PB antibody density as assessed at 24 hpi. FcR blockade exerted
no significant increase in frequencies of PB-positive cells or their MFI in either organ,
indicating that PB primarily bound to cells in lymphatic organs via specific interactions of the
aDEC205 antibody with its cellular target DEC205.

In spleen, DEC205* DC co-express CD8a!?*. Thus, within the total DC population,
CDS8a* but not CD8a” DC were specifically addressed by aDEC205-coated PB (Figure 7B).
Notably, in both spleen and LN the extent of DC binding inversely correlated with the number
of attached antibodies, presumably due to quantitative accumulation of PB with
intermediate/high antibody numbers during first path effects in the liver. Notably, more than
8% of the CD8a* DC, compared to less than 1% of CD8a™ DC in spleen took up significant
amounts of PB that were coated with an average of 2 aDEC205 antibodies, thus proving the

high efficacy of the DC targeting approach presented here.

In conclusion, PB with a low antibody number are superior to those with intermediate/high
densities for targeting of DC in secondary lymphoid organs, since antibody-coated PB with >2
antibodies per PB are trapped by LSEC in the liver in a FcR-mediated fashion, preventing them
from reaching their target cells. PB with low amounts of aDEC205 antibodies per NP
effectively target DC in secondary lymphoid organs. Due to their long circulation half-life of
around 6h, minimal entrapment in the liver, and effective binding to their target cells, these PB-
antibody conjugates are an excellent platform for the development of DC-targeting nano-

vaccines for systemic applications.
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Figure 7: PB-antibody conjugates with low antibody density address DC most efficiently. Mice
were treated with Fc block before i.v. injection of PB formulations as described in the legend
of Figure 4. Spleens were retrieved at 24 hpi, and frequencies of PB-positive spleen cells, total
DC and the CD8a* versus CD8a” DC within the splenic leukocyte population were delineated
by flow cytometry. A, B) Data denote the mean+SEM (n=6-8, obtained from 2-3 experiments;
one way ANOVA, *p<0.05, **p<0.01, ***p<0.001).
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Discussion

Liver entrapment is a common outcome of systemic NP application,?® both in non-

functionalized NP formulations®**?

and in those that are surface-functionalized with
antibodies.***> Our study aimed to delineate the role of the number of a cell type-specific
antibody per NP as a determinant of unwanted liver accumulation versus the desired antibody-
mediated target cell specificity in secondary lymphoid organs. For this, we employed PB that
are characterized by minimal cellular interactions and subsequently long plasma circulation
half-life’*??> and allow fine tunable attachment of antibodies at lysine residues in a well
reproducible manner. We chose a very common method of antibody attachment that comprises
the reactions between an amine on the antibody surface and a reactive ester DBCO conjugate,
which does not require complex modification of the antibody. It will, however, lead to an
unspecific modification of the antibody and thus may lead to an exposure of FC domain upon
attachment to nanoparticles.’® As an alternative mode of antibody attachment, Kedmi and
coworkers reported the use of peptides specifically binding the Fc region of antibodies for the
modification of liposomes.37 Moreover, Maildnder and coworkers have recently shown that
polystyrene NP preadsorbed with an anti-CD63 antibody retained receptor-specific targeting ex
vivo.®® However, so far this concept is based on the interaction of an antibody with a
hydrophobic NP surface, which may limit its application to other nanoparticles. By the robust
synthesis approach® chosen in this study we generated PB-antibody formulations with
adjustable average antibody numbers as an important prerequisite for comparative analysis. The
polymer brushes used for the synthesis of different PB-antibody conjugates as well as the
number of the near infrared dyes used for in vivo and ex vivo tracking were identical for all the
different systems, enabling an unbiased comparative analysis. We show that PB conjugated
with an average of only two antibodies on one hand displayed only moderate liver

accumulation, and on the other hand efficiently addressed DC in secondary lymphatic organs.
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So far, in most studies the liver-resident Mph population, termed Kupffer cells, has been
described as the main NP binding cell population in the liver.?”* In contrast, the contribution
of LSEC in this regard is just becoming to be elucidated.'®*® We demonstrate that liver
endothelial cells contribute at much higher extent to liver entrapment of antibody-coated PB
formulations than Mph.

Our blocking studies suggest that LSEC and Mph via FcR bind the Fc part of aDEC205
antibodies attached to PB in a random manner. FcR blockade in vitro using isolated liver NPC
almost abolished binding of PB-antibody conjugates to LSEC and Mph, and in vivo FcR
blockade also potently reduced liver entrapment of PB-antibody conjugates.

Within the group of liver EC the subpopulation of CD146" LSEC is specialized in uptake of
exogenous material,*! and engaged PB-antibody conjugates most probably via FcyRIIB since
LSEC express only this FcR.?’ LSEC are also equipped with various pattern recognition
receptors e.g. of the C-type lectin family like the mannose receptor*? and L-SIGN* as well as
different scavenger receptors.*** These sets of surface receptors enable efficient binding and
uptake of a vast array of exogenous material by LSEC. Therefore, LSEC may considerably
contribute to the frequently observed liver entrapment of different types of NP coated with
antibodies** or carbohydrates* intended to address immune cells. Moreover, we show that
LSEC phagocytose antibody-decorated PB. This finding is in line with the strong clearance rate
of various kinds of particles by LSEC, both by endocytosis as shown e.g. for HIV-like
particles*’ and phagocytosis as reported for allogeneic platelets.*®

A growing body of evidence has revealed the immunological role of LSEC to promote
antigen-specific T cell tolerance by inducing regulatory CD4" and CD8" T cells specific for
antigens derived from internalized material.*!**>%5! The potency of LSEC to induce antigen-
specific tolerance de novo has been demonstrated most recently by Liu and co-workers using

PLGA-based NP that delivered a model antigen and were conjugated with ligands targeting the
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mannose and scavenger receptors.’” In a model of allergic airway diseases, vaccination of mice
with such NP attenuated allergic symptoms. Similar to LSEC, Kupffer cells also express
numerous pattern recognition receptors™ and were repeatedly shown to confer tolerance
induction under homeostatic conditions®* and to support a chronic disease course in virus-
induced hepatitis.>>>® Nano-vaccines developed to induce and shape antigen-specific adaptive
immune responses are intended to co-deliver antigen and adjuvant to antigen presenting cells
like DC in order to promote stimulation of T cells.”” Therefore, uptake of nanovaccines into
LSEC and Kupffer cells should be circumvented for anticancer vaccines.

In light of the default state of LSEC and Kupffer cells to promote tolerance, the liver should
not be perceived as an inert “sponge” due to unwanted binding of a nano-vaccine to LSEC and
Mph. Rather, the potency of LSEC and Mph to internalize nano-vaccines via their pattern
recognition receptors and to actively counter-act the induction of adaptive immune responses
by promoting tolerance should be considered in the design of nano-vaccines.

In our study, the specificity of aDEC205 antibody-mediated binding of PB to DEC205" DC
apparent in liver’® and in the spleen? is confirmed by the observation that FcR blockade in
isolated liver NPC in vitro and in vivo did not affect binding of PB antibody formulations to
DC, whereas it blocked binding to LSEC and Mph. In mouse spleen about 1-2% of all
leukocytes constitute CD11c* DC.% Of these, only about 25% co-express CD8a and DEC205.%°
We show that PB-antibody conjugates specifically engaged CD8a* DC cells in spleen since a
remarkable amount of 8 % of this subpopulation were PB-positive, while engagement of CD8a
DC was neglectable (Figure 7). Since resident DEC205* DC in spleen, but not in LN, are known
to co-express CD8a>!, this demonstrates the high target specificity of the aDEC205-coated PB
in vivo. The extent of PB binding to DC was highest in case of low antibody density (PB-
aDEC205[2]) in spleen and LN, most probably due to stronger entrapment of PB-antibody

conjugates with intermediate/high antibody density in the liver. Dose titration studies may
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elucidate whether application of higher doses of PB-aDEC205(2) yields higher frequency of
addressed CD8a*DEC205* DC without increasing unspecific binding to non-DC. However, in
early studies that assessed the potency of DC to evoke primary T cell responses, intrasplenic
injection of 1,000 antigen presenting DC was sufficient to induce a maximal primary antiviral
T cell response.®! Based on our results we estimate that PB-aDEC205(2) at the dose applied
addressed sufficient splenic DC as would be required to evoke a sustained immune response.
We also observed that numbers of PB-antibody conjugates that were trapped in the liver
decreased over time when assessed on isolated liver NPC (Fig. 6), but not by in vivo
fluorescence imaging (Fig. 4c), which may indicate that other liver cell populations may engage
PB-antibody conjugates transiently. A time-dependent decrease in PB-antibody conjugates
deposition on organ level was also observed for total spleen cells (Fig. 6), but not for isolated
splenic DC (data not shown). It appears possible that time-dependent intracellular degradation
of the PB may alter the detection threshold for NP uptake. Further analyses are necessary to
elucidate transient engagement by other cell types or metabolization of PB-antibody conjugates
in spleen and liver. Of note, the overall decrease of PB binding by total liver and spleen cells
between 3 and 24 hpi was paralleled by an increase in frequencies of PB-binding LN cells in
case of PB with low/intermediate antibody density. Time-dependent redistribution of PB-
antibody conjugates between the organs may also be a consequence of gradual loss of antibody
binding to cellular FcR. However, systemic administration of Fc-blocking antibodies did not
increase the overall accumulation of PB-antibody conjugates in spleen and LN (Figure 4), or
the effectivity of DC targeting (Figure 7). Another cause for delayed appearance of PB with
low/intermediate antibody density in LN could be that LN DC may not be able to sample blood-
derived NP with the same efficacy as splenic DC or LSEC.®*% Moreover, a fraction of PB
conjugates may also be distributed by the lymphatic system known to transport of

macromolecules at much lower speed than in blood.**®° Of note, the time-dependent decrease
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of PB-aDEC205(12) in liver and spleen was not accompanied by an increase in LN as observed
for PB-aDEC205(2), suggesting that high avidity PB-aDEC205(12) antibody conjugates may
subsequently bind FcR-expressing immune cells localized throughout the body, thus preventing
their time-dependent redistribution towards their target cells.

We demonstrated that FcR blockade reduced liver accumulation of subsequently applied PB
formulations with intermediate/high antibody density, and concomitantly increased their
concentration in blood. However, this approach did not result in elevated binding of these PB-
antibody formulations to DC as the intended target cell type in either organ monitored. A
possible explanation is that FcR are rapidly recycled after antibody engagement,® and that PB
released from the liver upon FcR blockade are rapidly engaged by FcR-expressing cells in other
organs. Thus, FcR blockade may reduce unwanted binding of nano-vaccines to liver cells and
thereby minimize potential antigen-specific tolerance induction by LSEC and Mph. However,
it is not suitable to enhance addressing of intended target cells.

As mentioned above we are not aware of other comparative studies that addressed antibody
density of NP a determinant of unspecific liver accumulation versus targeting cell type-specific
binding. However, in several studies the role of antibody number and density for tissue
accumulation has been addressed. For example, Zern and co-workers reported that a moderate
number of ICAM-1 specific antibodies per NP achieved a better targeting specificity of
inflamed vasculature expressing ICAM-1 than NP decorated with high antibody numbers.'! 14

In order to avoid FcR binding, natural or engineered antibody fragments devoid of the Fc
region, such as Fab fragments and single chain Fv fragments®’ as well as other epitope-binding
moieties like affibodies®® or aptamers®, may be used for NP decoration. In comparison to full
antibodies these alternative targeting agents can offer higher affinity and improved
pharmacokinetic properties.” It remains possible that PB formulations that utilize these

antibody derivatives may yield even better DC targeting as observed for the full antibody
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conjugates used in this study. However, full antibodies do not need expensive engineering and
several of them are commercially available in GMP grade, thus facilitating clinical translation.
Furthermore, the Fc part may play an additional functional role as exemplified for agonistic
CD40 antibodies which require the Fc part to trigger target cell stimulation.®

Moreover, as mentioned above, most types of functionalized NP tested so far show liver
deposition at considerable extent after systemic application, largely irrespective of the kind of
surface functionalization.’>% Liver accumulation is the result of recognition of NP surface
structures by pattern recognition receptors expressed by LSEC and Mph such as mannose’® and
scavenger receptors.”! Nano-vaccines often are intended to address antigen presenting cells to
induce adaptive immune responses as required for tumor therapy and the treatment of chronic
infections. Although in vivo stimulation of LSEC with TLR1/2"? and NOD2 ligands’®, or of
Kupffer cells with TLR3 ligands’* may convert their default tolerance-promoting state towards
T effector cell induction, unwanted antigen delivery to tolerance-promoting LSEC*' and Mph’*
may diminish the success of vaccination. Therefore, taking into account that a fraction of any
kind of nano-vaccines will likely be engaged by LSEC and Mph in the liver, adjuvants or
optimized combinations thereof should be delivered which not only stimulate the intended
target immune cell”’, but also LSEC and Mph to override their default state of tolerance
induction.”® Nevertheless, this work demonstrates that LSEC and liver Mph can be bypassed
for the most part by using a highly inert NP and reducing the amount of targeting antibody on

the NPs surface.

CONCLUSIONS

Our results indicate that decoration of NP with targeting antibodies that have an exposed Fc-

residue results in pronounced liver accumulation upon intravenous application of the NP.
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To demonstrate this, we generated sarcosine-based polymer brushes with defined average
antibody numbers reaching from a “low” amount (2 molecules), over “intermediate” amount (6
molecules) to a high amount (12 molecules). These conjugates were similar in size and free of
unbound antibodies. We were able to show that two antibodies are sufficient to reach an
acceptable percentage of target cells in lymphoid organs while bypassing the liver.
Peptobrushes decorated with more than two antibodies accumulate rapidly in the liver. We
demonstrate that liver accumulation of antibody-coated NP is due to binding of NP surface
antibodies to FcR expressed by LSEC. Most importantly, capture of antibody-coated NP by
LSEC can be greatly reduced if antibody numbers per NP are kept low, thus preventing liver
accumulation while retaining effective target-specific binding in secondary lymphatic organs.
Since LSEC are potent inducers of antigen-specific tolerance, nano-vaccines intended to induce
immunity should minimize uptake by LSEC and other FcR-expressing cells in order to prevent

tolerance induction.
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MATERIALS AND METHODS

Peptobrush (PB) synthesis

Synthesis of Sarcosine N-Carboxyanhydride

Synthesis of sarcosine NCA was performed as described with some modifications.?* 7’ First,
20.52 g (230.2 mmol) sarcosine (dried under vacuum for 1 h) was weighed into a three-neck,
round-bottom flask. Then, 300 mL of abs. THF (tetrahydrofuran) was added under a nitrogen
flow, and 184 mmol of diphosgene were added using a syringe. This solution was mildly
refluxed for 3 h. The outlet was connected to two gas washing bottles containing aqueous NaOH
solution to neutralize phosgene, and Dry nitrogen was led through the solution for 3 h. The
obtained brownish oil was dried under reduced pressure (1- 1073 mbar for 2 h). The obtained
amorphous solid crude product was redissolved in 40 mL of THF and was precipitated using
300 mL of dry hexane. The solution was stored overnight in a -20 °C freezer. On the next day,
the precipitated product was filtered under dry nitrogen atmosphere and dried sequentially for
60—90 min using dry nitrogen, and for 2 h under high vacuum in a sublimation apparatus. Then,
the product was sublimated (85 °C, 1- 10~ mbar), and was collected from the sublimation
apparatus in a glovebox on the same day. The purified product (156 mmol, 68% yield,)
(constitutes colorless crystallites with a melting point of 102—104 °C (lit:"® 102-105 °C)was

stored in a Schlenk tube at —80 °C, and was handeld in a glovebox all times.

"H NMR (300 MHz, CDCl3): § [ppm] =4.22 (2 H, s, -CH»-CO-), 2.86 (3 H, s, -CH3).

Synthesis of Azido-butyricacid Pentafluorphenylester

v-azido butyric acid (7.74 mmol) was dissolved in pre-dried THF, and triethylamine
(15.0 mmol, 2 eq.) was added. The solution was stirred at room temperature for 30 min. Then,
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two volumes of pentafluorophenol trifluoro acetat (15.0 mmol) were added dropwise. The
reaction mixture was stirred over night at room temperature. Completion of the reaction was
evaluated with TLC (thin layer chromatography). THF was distilled, and the remaining solid
was dissolved first in dichloromethane, and then was extracted three times with water. The
organic phase was dried with MgSO4 and DCM (dichloromethane) was distilled off the product.

The product was purified by column chromatography.

'"H NMR (400 MHz, CDCls): & [ppm] = 3.46 (2 H, t, -CH>-CH>-CH2-N3), 2.80 (2 H, t, -CH2-

CH;-CH>-N3), 2.05 (2 H, m, -CH2-CH2-CH>-N3).

“F NMR (400 MHz, CDCl3): § [ppm] = -153.95 (2F, d, 0-CF), -158.90 (1F, t, p-CF), -163.32

(2F, t, m-CF).

PB synthesis

The synthesis was performed as described with some modifications.”® The following stock
solutions were prepared directly prior to use under dry nitrogen atmosphere: 228 mg ml’!
DIPEA (diisopropylethylamin) in 3.7 mL DMF (dimethylformamid), 7.83 g Sarcosine NCA in
40 mL DMF and 218 mg azido-butyricacid pentafluorphenylester in 2 mL DMF. The following
operations were performed under a steady flow of dry nitrogen. 0.80 mL (351 umol) of DIPEA-
DMF was added via syringe to a Schlenk tube containing 71 mg (292 umol) of poly(L-lysine
trifluoroacetate) (DP = 258) dissolved in 2 mL DMF solution. After 1 hour stirring, 16.8 mL
(29 mmol) Sarcosine NCA in DMF was added. The solution was stirred at room temperature
and kept at a constant pressure of 1.25 bar of dry nitrogen via the Schlenk line to prevent
impurities from entering the reaction vessel while allowing COz to escape. When the reaction
was finished (completion of the reaction was confirmed by IR [infrared] spectroscopy by the

disappearance of the NCA peaks), 0.95 mL azido-butyricacid pentafluorphenylester in DMF
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(1.2 fold excess based on the amine groups) was added and the reaction mixture was stirred for
2 days at 40°C. The final azide functionalized polymer brush was precipitated in ether and
centrifuged (4,500 rpm at 4°C for 15 min). After discarding the liquid fraction, fresh ether was
added and the polymer was resuspended using a sonic bath. The suspension was centrifuged
again and the procedure was repeated. The polymer was dissolved in MilliQ water, and purified
using Amicon Ultra Centrifugal Filters (50 kDa, 4000xg, 4x20 min). After lyophilization, a

colorless product was obtained. Yield: 63%.

Dye labeling of PB

The dyes AlexaFluor647-DBCO and 800CW-DBCO were conjugated to the PB via SPAAC.
In a typical experiment, PB was dissolved in DPBS (Dulbecco’s Phosphate Buffered Saline)
(cpg = 50 g-L’l) and the dye was dissolved in DMSO (cpye = 5 mM). As the reaction is
quantitative, 1 eq. of the desired amount of dyes per brush was added. After incubation over
night at RT under light exclusion, the reaction mixture was purified by Amicon Ultra
Centrifugal Filter Devices to remove unbound dye (15 mL, 50 kDa, 4000xg, 10 times). The
resulting solution was concentrated with Amicon Ultra Centrifugal Filter Devices (50 kDa,
4000xg) and filtered through sterile 0.22 um Millex-GS filters. R, was measured by DLS
(dynamic light scattering) and FCS (fluorescence correlation spectroscopy). FCS was also used
to prove the absence of unconjugated dye and to determine the number of dyes per brush. To
evaluate quenching effects, emission spectra of the free dye and the dye-labeled PB were
recorded, using solutions of the same optical density. If quenching effects were detected, the

number of dyes determined by FCS were corrected by the extent of quenching.

Synthesis of DBCO-functionalized aDEC205
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In a typical experiment, 2 eq. of DBCO-PEG4-NHS-Ester (dissolved in DMSO
(dimethylsulfoxide), ¢ = 10 g-L!) were added to the antibodies. aDEC205 and ratlgG2a were
used as received (dissolved in DPBS, Capec2os = 4 - 7 g/L). After incubation over night at RT,
the reaction mixture was purified by Amicon Ultra Centrifugal Filter Devices (15 mL, 10 kDa,
4000xg, 10 times) to remove unbound DBCO-PEG4-NHS-Ester and NHS. Afterwards,
preparative size-exclusion chromatography was performed using a Sepharose 4 FF XK 16/70
column (flow 0.5 ml-min!) to remove aggregates (aDEC205-DBCO fraction 80 — 110 mL).
The resulting solution was concentrated with Amicon Ultra Centrifugal Filter Devices (10 kDa,
4000xg) and filtered through sterile 0.22 um Millex-GS filters. Rh.antibody-DBcO = 5 - 6 nm. The
antibody concentrations as well as the number of DBCO per bioactive component were

determined by UV-VIS spectroscopy as described in literature.

Synthesis of dye labeled PLys250

PLys258 (20 mg, 320 nmol) were dissolved in 2 mL. DPBS, and AlexaFluor647-NHS Ester (2.5
eq., 1 mg, 800 nmol) dissolved in DMSO (160 uL) was added. The reaction mixture was
incubated overnight under light exclusion at RT. The reaction product was purified using
Amicon Ultra Centrifugal Filter Devices (15mL, 10kDa, 4000xg, 20 times).
Rn(FCS) = 7.6 nm. Each molecule contained two dye residues as determined by FCS is 2. FCS
analysis demonstrated that the solution contained 15 % of free dye, taken into account for
calculations of the dye concentrations. The pLys concentration was determined by dividing the

dye concentration of the conjugated dye by two.

Synthesis of dye labeled aDEC205

In a typical experiment, 2 eq. of AlexaFluor647-NHS Ester (dissolved in DMSO, ¢ =5 mM)

were added to the antibodies, respectively. aDEC205 antibody (clone NLDC145) was used as
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received (dissolved in DPBS, coprcoos = 4 - 7 g/L). After incubation over night at RT, the
reaction mixture was purified using Amicon Ultra Centrifugal Filter Devices (15 mL, 10 kDa,
4000xg, 10 times) to remove unbound AlexaFluor647-NHS Ester and NHS. The resulting
solution was filtered sequentially through Anotop 20 nm filters and sterile 0.22 um Millex-GS
filters. Rhantibody-Fp =5 - 6 nm. FCS shows that there is still 15-20 % free dye in the solution.
The antibody concentration is calculated from the UV-Vis spectrum using the specific antibody

absorption at 280 nm.

Synthesis of PB conjugates with aDEC205 and ratlgG2a

Antibody conjugates aimed to attach 2, 6 and 12 antibodies per PB were synthesized. The
amount of the DBCO-modified antibody that was added to the brush depends on the number of
DBCO (Nppco) per component. 1/(0.34-Nppco) eq. of the DBCO-modified component
(dissolved in DPBS, Cantibody-DBCO = 5 —15 g-L!) were added to the dye-labeled brush dissolved
in DPBS (cpg = 1-10° — 110 M). The reaction mixture was incubated over night at RT. To
remove bridged brushes and unconjugated antibodies, PB-conjugates were purified via
preparative SEC using a Sepharose 4 FF XK 16/70 column (flow 0.5 ml-min™). The fraction
from 55 mL to 75 mL was collected, concentrated using Amicon Ultra Centrifugal Filter
Devices (50 kDa, 4000xg) and filtered through sterile 0.22 um Millex-GS filters. Each
conjugate was analyzed by DLS, FCS, UV-VIS spectroscopy and SDS-PAGE (sodium dodecyl

sulfate polyacrylamide gel electrophoresis).
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Biological Materials and Assays

Animals

Female C57/Bl6 (in vitro studies) and BALB/c (in vivo studies) mice were purchased from

Envigo.

Antibodies

CD45-FITC (invitrogen), CD31-PE (eBioscience), CDI11c-APC (eBioscience), F4/80-
eFluor450 (invitrogen), CD19-AF488 (eBioscience), CDS8a-PE (BD Pharmingen),
aCD16/CD32 (clone 2.4G2), In Vivo Ready™ anti-mouse CD16/CD32 and isotype control

(TONBO Bioscience).

Isolation of liver NPC

Non-parenchymal liver cells of female C57/Bl6 and BALB/c mice were isolated by an organ
perfusion method including collagenase digestion as previously described.” In short, mice were
anesthetized with a ketamine/rompun mixture and the abdominal cavity was opened. By
cannulating the vena portae, 20 ml of HBSS (Hank's Balanced Salt Solution) (ThermoFisher
Scientific) solution containing collagenase A (Sigma-Aldrich) and DNase 1 (Sigma-Aldrich)
flushed the liver after the aorta had been cut. The liver, largely devoid of erythrocytes or other
loosely bound cells, was then dissected into pieces and incubated for 15 min at 37 °C in a 50
ml tube containing the perfusion enzyme solution. After incubation the liver was put through a
70 um nylon cell strainer and the enzymatic reaction was stopped with medium (DMEM
(Dulbecco's Modified Eagle Medium) /F-12 GlutaMAX™, ThermoFisher Scientific). To
remove hepatocytes the cell suspension was centrifuged at 300 g for 15 min. The remaining

cells in the suspension were further purified by 30% Histodenz-HBSS gradient centrifugation
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as specified before.’® The obtained liver NPCs (non-parenchymal cells) were then either
cultured in medium (DMEM/F-12, GlutaMAX™, ThermoFisher Scientific) (described in the
following section) or subjected to antibody staining for subsequent flow cytometry analysis.

For ex vivo studies the Liver Dissociation Kit from Milteny was used following the instructions.

In vitro NP incubation

After isolation, NPC were seeded into a non-treated 12-well plate in a volume of 1 ml and 1
million cells per well. NPC were treated with different brush-antibody conjugates at 37 °C for
1 h. For this 10'? particles were used. Following incubation, NPC were rinsed on ice and

transferred to flow cytometry tubes for staining.

Flow cytometry

Single cells suspensions of respective organs were obtained after mechanical digestion and
filtering using 70 um nylon cell strainer. Livers were digested previously using the Liver
Dissociation Kit (Milteny). After lysis of erythrocytes (liver, spleen), cells were incubated with
receptor-specific antibodies for FACS analysis. For this cell were washed (2 % FCS in PBS),
and Fc receptors were blocked with aCD16/CD32 (2.4G2 clone) for 10 min. Afterwards, liver
NPC were incubated with receptor-specific antibodies (CD45-FITC, CD31-PE, CD11¢c-APC
and F4/80-eFluor450) for 20 min at 4 °C. Within the CD45" liver NPC fraction, DC (CD11c"),
EC (CD317"), and Mph (F4/80") were identified according to expression of their corresponding
lineage marker. Spleen and LN cells were incubated with CD11c-APC to detect DC, and in
case of spleen cells in addition with CD8a-PE to differentiate CD8a" and CD8a~ DC
subpopulations. All antibodies were obtained from Thermo Scientific. Cells were fixed with
0.7 % PFA, and subjected to flow cytometry (Attune NxT Flow Cytometer, Thermo Scientific).

Results were evaluated with Attune NxT Flow Cytometer Software.
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cLSM (confocal laser scanning microscopy)

Liver NPC were incubated with 10'2 particles for 1 h at 37 °C as described above. After washing
the cells with PBS, Hoechst dye (2 uM) was added and samples were incubated at RT for 30
min to stain the nucleus. To flag LSEC samples were incubated with a CD146-specific antibody
(APC-labeled) for 20 min at 4 °C. Cells were washed twice with PBS and images were taken

using a TCS SP5 Confocal Microscope at the Institute of Molecular Biology (IMB), Mainz.

Biodistribution and blood circulation

The PB-antibody conjugates (0.5-1.8 mg, equimolar amounts of PB) and Fc receptor blocking
antibody (each 50 pg) were injected i.v. into BALB/c mice. Particle injection followed 3 h after
injection of the blocking antibody. The animals were imaged at the indicated time points using
IVIS Spectrum Imaging System (Perkin Elmer) with excitation/emission filter set of
745/800nmBlood was retrieved retroorbitally and also imaged to measure fluorescence
intensities. Mice were sacrificed at the indicated time points, organs (liver, heart, lungs, spleen
and inguinal as well as popliteal LN) were dissected and imaged as above. Fluorescence

intensities are presented as total radiant efficiency ([p/s]/[uW/cm2] x 1078).
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ABSTRACT

Nanoparticle based vaccines combining antigen, immune activator and targeting to antigen -
presenting cells have shown to enable antigen specific systemic immunity and are therefore a
potent molecularly defined class of vaccines. This work reports on the synthesis of such vaccines
based on cylindrical brush polymers, in which properties like size, shape and surface functionality
can be completely controlled chemically. The synthesized cylindrical brush polymers consist of
a polylysine backbone and polysarcosine side chains (Peptobrushes) and are thus completely
based on endogenous amino acids. The investigated Peptobrushes exhibit molecular weights of
2.2:10° to 10.4-10° g-mol™ and dispersity indices of around 1.2 as confirmed by static light
scattering and size exclusion chromatography. Dynamic light scattering reveals hydrodynamic
radii of 11 to 21 nm. Peptobrushes were very well tolerated by cells, did not cause aggregation in
concentrated blood serum and showed extended circulation in the blood stream of mice (70%
remaining brushes after 24h) after intravenous injection independent on size and shape.
Additionally, a detailed protocol for the step-wise conjugation of the peptobrushes with the
antigen ovalbumin (OVA), the immune activator (CpG) and the antibody (aDEC205) is reported,
that allows the precise control of the average number of each of these components per peptobrush,
that enables us to establish a vaccine platform of adjustable size, shape and functionality.
Interestingly the vaccine with the rod-like shape led to the most potent T cell proliferation
response in vitro (OTI model) and was able to provide a protection from tumor growth in mice
after subcutaneous vaccination. The reported findings underline the importance of nanoparticle

design to maximize immunity.



INTRODUCTION

Vaccination is the administration of antigenic material (a vaccine) to stimulate an individual's
immune system to develop adaptive immunity to a given pathogen. While traditional vaccines are
derived from live attenuated, killed, or inactivated pathogens, synthetic subunit antigen vaccines
can be derived by synthetic methods, ensuring rapid and cost effective production.! However,
researcher learned over the last decades that synthetic peptides often lack the immunogenicity to
induce adaptive immunity.>* Therefore, efficient vaccination requires the use of adjuvants,
molecules that stimulate immune cells.? In the field of tumor immunotherapy, adjuvants are
particularly important to overcome tumor immune suppression mediated, e.g., by regulatory T
cells or myeloid-derived suppressor cells.** Adjuvants, among other things, promote the
maturation of antigen-presenting cells, such as dendritic cells. Only mature dendritic cells are able
to generate co-stimulatory signals, which together with the presented antigen lead to potent T cell
responses. Therefore, an effective vaccination requires co-delivery of antigen and adjuvant to
antigen presenting cells or more precisely to dendritic cells (DC). Besides uptake in DCs the
uptake into cells with immune suppressive potential, e.g. myeloid suppressor cells, M2
macrophages, needs to be reduced to a minimum, which generates vice versa the need for active
targeting of DC associated cell surface receptors. In this respect, it is reasonable to use the most
common marker for DCs, the aDEC205 antibody to facilitating uptake into dendritic cells, while
reducing uptake in in other immune cell populations. The desired combination of antigen and
adjuvant with antibody mediated active targeting creates the rational for the use of nanoparticles
to combine all desirable functions on a single object, which is additionally of a size of common

pathogens and thus very well suited to be recognized and processed by the immune system.

The combination of these three components on a synthetic nanoparticle, however, is complex in
terms of synthesis and characterization. Therefore, synthetic vaccines combining an antigen,

adjuvant and antibody are mostly limited to encapsulation by nanoparticles®’#%10

or antibody-
antigen conjugates coinjected with bare adjuvant.!" Conjugation of an antigen and adjuvant

directly to an antibody, however, can easily result in a loss of in vivo targeting capability. We

3



recently reported a study on cylindrical brushes with poly-2-ethyl-oxazolin side chains, that have
been decorated with several DEC205 antibodies and SIINFEKL. In vitro experiments revealed
selective uptake into CD8+ dendritic cells and efficient T-cell proliferation after external
stimulation with lipopolysaccharides.'? In addition, Grabbe and coworkers demonstrate the
reduction of tumor growth using dextran particles that were decorated with a DEC205-specific
antibody, antigen and adjuvant.’* However, these dextran particles not only engaged CDS8*
dendritic cells, but also B cells as a consequence of dextran-triggered complement activation.'*
This observation underscores the necessity to develop nanomaterials that interact with serum

factors at low extent only to diminish unspecific binding.

While first studies have investigated the influence of particle size of vaccines in the nanometer

15,16,17,18,19,20 21,22 d23,24
b

to micrometer range or organic and inorganic particles or beyon
investigations on the influence of size and shape of nanoparticle based vaccines, combining a
specific average number of antigen, adjuvant, and targeting moiety on a single particles have so

far not been reported.

One class of materials, which allows for the adjustment of size and shape by chemical synthesis
are cylindrical brush polymers.®After its discovery in 1994%6 cylindrical brush polymers
(sometimes called “bottlebrushes’) have received considerable attention, because any flexible
main chain can be forced to adopt an expanded cylindrical conformation due to the repulsive
interaction of the densely grafted side chains. Most importantly, due the high grafting density the
chain length ratio of main and side chains directly determines the length (backbone) and width

(side chain) of the final polymeric nanoparticle.

Thus, a variety of cylindrical brush polymers (CPBs) have been synthesized by “grafting

7303132 and  “grafting onto™****  techniques with various

through”?7282% “grafting from
combinations of main and side chain monomers. Also branched or dendritic side chains were

introduced as “dendronized polymers”, leading to cylindrical objects of similar

conformations.*>=3¢37 Recently, we have reported the synthesis of CPBs with polysarcosine (pSar)
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side chains using poly(N-(6-aminohexyl)methacrylamide) (PAHMA) and poly(L-lysine) (pLys)
macroinitiators.’® Both macroinitiators displayed elevated weight average molecular weights
(M.,) of 3.7 (PAHMA) and 5.8x10° g mol'! (pLys) and rather high dispersity indices of around
1.7 due to the broad molar mass distribution of the macroinitiators utilized. Since main chain and
side chain length of cylindrical brushes can be controlled independently, their size and their shape
(aspect ratio) may be continuously varied from spherical (main chain < side chain length) to
ellipsoidal (main chain > side chain length) to rod- or wormlike brushes (main chain >> side chain

length).

Besides nanoparticle morphology, flexibility and functionality the particle material itself
determines its biological properties. Besides established materials for nanomedicines®’, polymers
combining polypeptides and polypeptoids have gained increasing attention over the last

041:42:43.4445.4647 - Accordingly, the pLys-gr-pSar cylindrical brushes constitute interesting

years
candidates to study the effect of size and shape in biomedical applications in terms of cell uptake

and blood circulation.

In light of this information, we aim for the development of “all polypept(o)ide” CPBs (cylindrical
Peptobrushes) exclusively consisting of polypept(o)ides***® with more defined morphology in
terms of a narrow main chain length distribution in combination with a high end group integrity
for controlled conjugation of the antigen ovalbumin (OV A), adjuvant CpG oligodeoxynucleotide
(CpG) and antibody aDEC205 by strain promoted azide alkyne coupling enabling to adjust the

avarage number of each component on cylindrical polymer brushes.
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RESULTS AND DISCUSSION

Synthesis and Characterization of Peptobrushes

Cylindrical brushes with polylysine backbone and polysarcosine side chains
(Peptobrushes) were synthesized by nucleophilic ring opening polymerization using narrowly
distributed polylysines as multivalent macroinitiators (see scheme 1). The pLys had a degree of
polymerization of P,; = 102, B = 1.07 and P, = 258, B = 1.09. Dynamic light scattering
experiments at a concentration of 1 g-L™! in 0.1 M NaBr revealed hydrodynamic radii Ru; = 3.9
nm and Ry =7 nm. For preparation of the peptobrushes the pLys was dissolved in purified DMF
and predetermined amounts of Sar NCA in DMF were added via a syringe. At full conversion the
PSar side chain lengths were calculated to Pnmeo = 50 and 100 for PLys; and Pymeo = 100 for
PLys,. After full Sar-NCA conversion has been ensured by FTIR (disappearance of the NCA
carbonyl vibration band at 1850 cm™ and 1778 cm™) the secondary amine end groups were
quenched with azido butyric acid pentafluorophenyl ester introducing terminal azide

functionalities for subsequent selective conjugation of biologically active substrates.

Size exclusion chromatography revealed that all CPBs display a narrow monomodal
molecular weight distribution. With dispersity indices (D) of around 1.2 (see Fig. 1a). The GPC
plots, however, display a slight high molecular weight tailing, that is currently not understood.
Nevertheless, dispersity index values of all brushes can be considered low for such large
molecules and underline the well-controlled synthesis. Interestingly, low molecular weight tailing
is not visible. The molar masses determined (see Fig. 1a) in hexafluoroisopropanol (¢ = 2 g-L™)
relative to linear PMMA standards, however, were much smaller than the absolute SLS molar
masses as expected (see table 1). At the same hydrodynamic volume the CPBs are known to
possess a much higher molar mass than linear flexible coils. Therefore, static light scattering was
performed to determine the molar mass of the brushes and to derive the average PSar side chain

length. A typical Zimm-plot for PB3 is shown in Fig. 1c and the results are summarized in Tab.



1 displaying the average molecular weights of 2.2x10° g/mol for PB1 (Fig. S1), 4.2x10° g/mol

for PB2 (Fig. S2) and 10.4x10° g/mol for PB3 (Fig. 1¢).
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Figure 1. Characterization of PeptoBrushes PB1, PB2 and PB3: a) GPC in HFIP (¢ =2 g-L"), b)
multi angle dynamic lightscattering (DLS) in PBS (¢ = 1 g-L™"), ¢) Zimm-Plot for PB3 in PBS d)
Near Infrared Fluorescence correlation spectroscopy (NIR-FCS) of near infrared dye (NIRD) and
NIRD-labeled PeptoBrushes in PBS (¢ = 2-10® M ), e€) Atomic force microscopy (AFM) of

PeptoBrushes on mica in dry state.



Besides the analysis of molecular weight distribution SEC was also used determine the
enzymatic degradability of peptobrushes. Therefore, we used the enzyme Streptomyces griseus
and incubated the CPBs in its presence at 37°C for up to 2 weeks (see Fig S3). The SEC plots
reveal that brushes are degraded over the time frame of weeks. Since the degradation by the
applied peptidase is restricted to the pLys backbone, degradation yields the pSar side chains. The
side chains can be analyzed applying a pSar callibration.*’ The obtained side chain lengths are 25
for PB1, 108 for PB2 and 96 for PB3. Comparing the obtained side chain lengths after enzymatic
degradation with the average side chain lengths calculated from SLS leads to grafting densities
of 94 % for PB1, 43 % for PB2 and 44 % for PB3. The reason for the variation in the grafting
density is currently not understood. According to literature*® the corresponding Ry to a
polymerization degree of 108 is 2.3 nm. The remaining pSar segments are well below the renal

excretion limit and thus can ensure rapid elimination upon enzymatic degradation (Refs).

Table 1. Characterization of Peptobrushes PB1, PB2, PB3.

11 a 8 5
PB <R_,,)2 /om® My /gmol'”  Ry/nm® Dy Average side chain length 9 & /mV 2 Aspect ratio

PB1 11 2.2ES 10 12 24725 614 1.6
PB2 15 4.2E5 15 1.2 477108 4+3 1.5
PB3 21 10.4ES 23 1.3 42/96 35 39

a) determined by dynamic light scattering in PBS

b,c) determined by static light scattering in PBS

d) determined by size exclusion chromatography in hexafluoroisopropanol



e) determined by static light scattering in PBS (estimating 100% grafting density)

f) determined by size exclusion chromatography in hexafluoroisopropanol after enzymatic

degradation

g) determined by zeta potential measurements in 10 mM NaCl

h) determined by atomic force microscopy on mica substrates (measured particles to determine

the aspect ratio: PB1 = 177, PB2 =97, PB3 = 109)

Dynamic light scattering (DLS) experiments were performed at a concentration of 1 g-L! in
PBS buffer and yielded hydrodynamic radii Ry = 11 nm for PB1, Ry = 15 nm for PB2 and Ry =
21 nm for PB3. We could not detect any angle dependency of the scattering vector q° (see Figure
1b) as expected for narrowly distributed polymer brushes in this size regime. The hydrodynamic
radii were confirmed by fluorescence correlation spectroscopy (FCS) after subsequent labeling of
polymers with Carboxyrhodamin110 employing strain promoted azide alkyne coupling. (Fig. S4).
The autocorrelation functions of NIR-dye labeled brushes show no free dye, that is an important
criterion for reliable biodistribution experiments (Figure 3d). Finally, the morphology of
Peptobrushes was visualized by atomic force microscopy (AFM) on mica substrates. The brushes
were spin cast from aqueous solution and analyzed in dry state. As displayed in Figure 2 for PB1
ellipsoidal structures with an average length of 29 nm and a width of 18 nm are observed leading
to an average aspect ratio of 1.6. For PB2 we found an average length of 46 nm and a width of 30
nm leading to a comparable average aspect ratio of 1.5. AFM experiments of PB3 visualize
nanoparticles with an average length of 79 nm, a width of 20 nm and thus an aspect ratio of 3.9.
It should be noted that the AFM dimensions discussed above should be treated with caution,
because the brushes are strongly adsorbed on Mica resulting in deformed, i.e. strongly flattened,
structures. Moreover, a sample-tip deconvolution was not performed, i.e. the resulting AFM sizes

are most likely too large.
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In conclusion, our findings demonstrate that the side chain length in peptobrushes can be
controlled yielding bottlebrush polymers with low dispersity (D), which is a first requirement in
order to control both, length and width, of brushes simply by the degree of polymerization of
macroinitiator and side chains. Moreover, enzymatic degradability was ensured by Streptomyces
griseus assay. Before any in vivo application, cytotoxicity and aggregation in serum was analyzed
ex vivo. Cytotoxic effects of the polymer brushes were assessed in DC-like DC2.4 cells, and in
fibroblast-like HEK293ZT cells (Fig. S5). In both cell types the metabolic activity was not
affected at major extent by the different types of polymer brushes applied over a large range of
concentrations (0.05 to 5 mg/mL). Only at the highest concentration tested (5 mg/ml) PB1 and
PB2 attenuated metabolic activity of DC2.4. Similarly, PB2 at the highest concentrations tested
(5 mg/ml) attenuated metabolic cellular activity of HEK293T cells significantly. Besides material
related cytotoxicity in vivo toxicity can occur due to aggregation of polymeric nanoparticles or
high ionic strength.’®! To ensure that the peptobrushes do not cause aggregate formation in
human serum, they were analyzed by DLS in serum, a method introduced and described in detail
by Rausch ef al..>* Firstly, the intensity-time correlation function of polymer and serum are
measured separately. Secondly, a mixture of polymer and serum is measured. If there are no
aggregates formed, the autocorrelation function of the mixture can be well described by a force
fit which is the sum of the correlation functions of each of the components. The formation of
larger aggregates would require an additional exponential term to describe the autocorrelation
function of the mixture. Upon mixing the NIR dye labeled peptobrushes PB1, PB2 and PB3 with
human serum, the mixture autocorrelation function can be well described by the force fit (Figure
2). This indicates that all three peptobrushes do not induce the formation of larger aggregates in
the presence of 90 % human serum. The concentration of the brushes is comparable to the

concentration applied for biodistribution experiments in mice assuming 2 mL mice blood volume.
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Figure 2. Characterization of NIR-Dye labeled PeptoBrushes PB1, PB2 and PB3 in 90 % human
serum by DLS at 30°. Autocorrelation functions g(t) recorded from PB1-NIRD, PB2-NIRD and
PB3-NIRD in 90 % human serum (o squares). Red line: Force fit. Black line: Fit with a variable
component. a) PBI-NIRD, cps; =0.2 g-L'. b) PB2-NIRD, cps2=0.4 g'L"'. ¢) PB3-NIRD
cre3 = 0.8 gL,

In vivo evaluation of peptobrushes

Having ensured that peptobrushes PB1-PB3 do not induce cytotoxicity at relevant doses
nor aggregate or cause aggregation of serum proteins, we decided to test the CPBs in vivo studies.
For this, zebrafish embryos and BALB/c mice were selected as models, first to study CPB
circulation in healthy animals. The mouse is the classical pre-clinical model although it has its
limitations for detailed imaging. In contrast the zebrafish embryo is naturally transparent and ideal
for high resolution, live imaging, including of nanoparticles.> The latter publication pointed out

that the zebrafish is an ideal model to screen NP rapidly prior to the more costly mouse model.

For the subsequent systemic applications aimed at tumor or granuloma targeting by

passive accumulation®*%

peptobrushes needed to exhibit prolonged in vivo circulation. Towards
this goal, all PeptoBrushes were labeled with 800CW, an NIR dye enabling us to study the size

and shape dependency of circulation in two different animals.

12



First, peptobrushes PB1-PB3 labeled with AlexaFluor647 were injected into the caudal
vein of 2 day old zebrafish embryos exhibiting fluorescent vasculature, tg(flila:EGFP) (see figure
3a). This animal model is rapidly emerging as a tool to study NP flow*®, biodistribution in healthy
zebrafish’>® as well as in animals bearing tumors®® or tuberculosis granulomas®*®. The
circulation time was determined by fluorescence microscopy at different time points over the
course of 7 days (Figure 3b). Control NP made of polylysine exhibited very poor circulation and
already at 5 minutes after intravenous injection they showed high level of aggregation with
virtually no nanoparticle being seen flowing (Figure 3a). Peptobrushes PB1-PB3 behaved very
differently and despite a slight but detectable decrease in intravascular fluorescence during the
first hours post fertilization (Figure 3b), a substantial amount (31, 28 and 26 % for PB1, PB2 and
PB3) was still circulating even 7 days post injection (Figure 3b). This is currently the longest
circulating nanoparticle we have seen in this model; previously, the longest circulating NP
described in the literature for zebrafish larvae were PEGylated liposomes which circulate until

about 3 days post injection.>

Morphology associated differences are, however, not significant
and therefore we need to conclude that circulation times in zebra fish embryos do not depend on
size or shape of nanoparticles in the investigated range of hydrodynamic diameters or aspect ratio.
Second, peptobrushes have been applied to BALB/c mice as a standard rodent model. After
systemic administration in mice the brushes circulate without specific accumulation in liver, lung
or kidney (Fig. 3c, d). After 24 h still more around 70 % of the injected particle concentration was

retained in the blood stream (Fig. 3e). PB1, PB2 and PB3 exhibit half times well above 2 days

(see Fig. 3e).
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Figure 3. Biological evaluation of PeptoBrushes in zebrafish embryos and mice. a) In vivo
imaging of zebrafish embryos. b) Fluorescence intensity in zebrafish embryos at indicated time
points. Intensity at 5 min set as 100%. ¢) In vivo Imaging of mice. Intensity at 5 min set as 100%.
d) Imaging of organs taken from mice after 9 days. e) Fluorescence intensity in blood taken from
mice at indicated time points. Intensity at 5 min set as 100%. Solid curve is a single exponential
fit.

In conclusion, peptobrushes PB1, PB2 and PB3 circulate stably in zebra fish embryo and mice.
In both models, an initial drop as often observed for synthetic nanoparticles is absent. Blood
halflifes are in the range of 3-4 days in zebra fish and well above 2 days in mice applying an
exponential fit (one component model). In mice even after 9 days particle associated fluorescence
was detectable by fluorescence imaging, which underlines the stealth like behavior of a dense

pSar corona of peptobrushes. These findings may relate to the fact that peptobrushes of
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comparable size like PB3 do not increase their hydrodynamic radius in full blood.®' These
circulation times indicate that the synthesized particles are themselves invisible to the immune
system and may thus be a suitable basis for the development of vaccines, in which ideally only

antigen specific immune responses should be generated.

Synthesis and characterization of peptobrush conjugates

Besides the stealth like nature, the high surface to volume ratio of worm-like peptobrushs seems
most interesting for the synthesis of vaccines, because elevated aspect ratios are expected to
present ligands, e.g. antibodies, or immune activators, more efficiently to receptors outside or

inside of cells®>03:%4

we utilized PeptoBrushes PB1 and PB3 to prepare triple conjugates
comprising an average number of 3 aDEC205 antibodies, 7 immune activators (CpG1826) and 7
antigens (OVA). Since the end groups on polymer brushes bear azide end groups, strain promoted
azide alkyne coupling (SPAAC) was chosen to conjugate the different biomolecules to the
brush.®-% Therefore, aDEC205 and OVA have been modified with DBCO-PEG4-NHS ester
following the protocol established by S. Gietzen and Biihler ez al.'*®” The purification procedure
to achieve aggregate free DBCO-modified components however was changed from spin filtration
to SEC resulting in significantly improved yields (70 - 90 % compared to 20 - 30 %).%” The first
purification step ist the centrifugation with 10 kDa Amicon centrifugal filters to remove unbound
DBCO-PEG4-NHS ester and NHS. Afterwards, SEC is used to purify the DBCO-modified
components from larger aggregates. The average number of DBCO per aDEC205 or OVA
(Npgco) was determined as demonstrated in the SI. aDEC205 antibody containing 1.5 DBCO
does not affect binding efficiency to dendritic cells (Figure S8). In line with these results, the
DBCO modification does also not change the properties of the antigen ovalbumin in comparison
to the unmodified counterpart (Figure S8). Commercially available CpG1826

oligodeoxynucleotide with a DBCO modification at the 3’ end (CpG-DBCO) is used as an

activator. This CpG1826 ODN is optimized for activation of B cells and dendritic cells and
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Thl-like cytokine expression.”® CpG-DBCO shows a to the unmodified CpG comparable
activation of BMDCs (Figure S8). Having obtained DBCO-modified antibody, antigen and
adjuvant, the peptobrush conjugates were prepared employing the standard SPAAC protocol (Fig.
4a). In the following section, the synthesis is described exemplary for the triple conjugate PB3
FD-OVA(7)-aDEC205(3)-CpG(7). The average number of bound components is indicated in
brackets. A detailed description of the calculations of the average number of bioactive
components per brush can be found in the SI. All conjugation reactions were performed at room
temperature overnight. Firstly, PB3 is labeled with fluorescent dye AlexaFluor647-DBCO and
purified by spin filtration. The hydrodynamic radius of PB3 FD determined by DLS and FCS is
23 nm. Moreover, FCS experiments ensure the absence of free dye (Fig. 4b). Furthermore, the
average number of dyes per brush (Nyrgs7), Which is important for further calculations, can be
determined directly by FCS (see SI). To synthesize OVA- or aDEC205-brush-conjugates an
excess of OVA-DBCO or aDEC205-DBCO needs to be used. The yield of bound OVA or
aDEC205 per brush depends on the number of DBCO per component. In the range of 1 - 2 DBCO
per component an excess of 1/(0.34*Nppco) needs to be employed (Figure S10). For the
described example, a 20-fold excess of OVA-DBCO (1.2 DBCO per OVA) was added to PB3
FD. The conjugates were purified by SEC and analyzed by DLS, FCS, UV-VIS and PAGE. The
hydrodynamic radius of PB3 FD-OVA(7) determined by DLS and confirmed by FCS is 22 nm.
As the number of DBCO per OVA or aDEC205 is a statistical value, it is also possible that two
brushes bind to one bioactive component resulting in bridged brushes. Due to the separation via
SEC those bridged brushes are removed (Figure S9). During this process a part of the high
molecular weight fraction is removed leading to a slight decrease of Ry of PB3 FD-OVA(7)
(Rn =22 nm) compared to PB3 FD (R, = 23 nm). Besides, the fractionation results in a slightly
lower average number of dyes per brush. As the number of dyes per brush is an important value
for calculating concentrations, FCS is measured after every conjugation step. For PB3 FD-
OVA(7) the average number of dyes per brush is 6. The OVA concentration is calculated from
the absorption at 280 nm (Fig. 4e). A detailed description of the calculations of the average

number of bioactive components per brush can be found in the SI yielding to 7 OVA per brush
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for PB3 FD-OVA(7). It should be noted that the calculations are only valid if there is no unbound
OVA in the purified conjugates. The absence of free OVA was ensured by SDS-PAGE (Fig. 4 ¢).
The synthesis, purification and characterization of aDEC205-conjugates is similar to the
described procedure of the OV A-conjugate. Using a 5-fold excess of aDEC205-DBCO with 1.6
DBCO per aDEC205 yields to an average number of 3 aDEC205 per brush, determined by UV-
VIS Spectroscopy (Fig. 4e). The absence of unbound aDEC205 is proven by SDS-PAGE
(Fig. 4c). The hydrodynamic radius of PB3 FD-OVA(7)-aDEC205(3) measured by DLS and
FCS is 22 nm. The last step in the exemplified triple conjugate synthesis is the addition of CpG-
DBCO. In contrast to OVA-DBCO and aDEC205-DBCO, exactly 1 DBCO is attached to the CpG
and the yield of the CpG coupling is found to be almost quantitative. To synthesize PB3 FD-
OVA(7)-aDEC205(3)—-CpG(6), a 7 fold excess of CpG-DBCO was added to PB3 FD-OVA(7)-
aDEC205(3). As there is only 1 DBCO per CpG, no bridged brushes are formed, and the
conjugates can be purified by spin filtration with Amicon 50 kDa centrifugal filters. The
successful removal of CpG-DBCO can be shown by TBE-Urea PAGE (Fig. 4d) and the average
number of CpG per brush can be calculated from the UV-VIS Spectra (Fig.4e). The
hydrodynamic radius determined by DLS and FCS is 22 nm (Fig. 4f). The synthesis of all
combinations of bioactive components conjugated to PB3 FD is described in the experimental
section and proofs the reproducibility (table S1). To synthesize conjugates with the small brush
PBI1, the protocol can be adopted from the big brush. Due to the smaller size of PB1, the
separation between the brush and the antibody requires the use of 2 columns in the SEC setup
(Figure S13) to achieve an adequate separation (Figure S14). Although the order of the
conjugation steps does not influence the number of bioactive components per brush in the case of
PB3, the order of the conjugation reactions needs to be changed for PB1 to achieve the same
number of bioactive components compared to PB3. The addition of CpG in a 7-fold excess to the
conjugate PB1 FD-OVA(7)-aDEC205(2) only yields in an average number of 2 CpG per brush.
Because of these results, the CpG-DBCO was added first, followed by the addition of OVA-
DBCO and aDEC205-DBCO. This reaction order leads to a triple conjugate with comparable

amounts of bioactive components to the big brush PB1 FD-OVA(7) -aDEC205(3) -CpG(7)
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(Fig. 4g). The UV-VIS spectra and PAGE analysis of the precursors of PB1 FD-OVA(7)-
aDEC205(3) —CpG(7) are shown in the SI (Figure S13), ensuring separation from unbound

bioactive components. The hydrodynamic radius determined by DLS (Fig. 4f) as well as FCS is

17 nm.
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Figure 4. Characterization of PeptoBrush based triple conjugates. a) Synthesis of peptobrush
conjugates by SPAAC. b) Fluorescence correlation spectroscopy (FCS) in PBS buffer (c = 1-10
M) of AF647-DBCO and PB3 FD confirms the labeling of PB3. ¢) SDS PAGE of the precursors
of PB3 FD-OVA(7)-aDEC205(3)-CpG(7) shows no unbound OVA-DBCO or aDEC205-
DBCO. 1 = 0.3 pg aDEC205-DBCO, 2 = 0.5 ug OVA-DBCO, 3 = PB3 FD-OVA(7) equal to
5 ug OVA, 4 = PB3 FD-OVA(7)-aDEC205(3) equal to 5 pg OVA and 8 pg aDEC205. d) TBE
Urea gel electrophoresis of PB3 FD-OVA(7)-aDEC205(3)-CpG(7) shows no unbound CpG-
DBCO. 1 = 50 ng CpG-DBCO, 2 = PB3 FD-OVA(7)-aDEC205(3)-CpG(7) equal to 1000 ng
CpG. e) UV-vis spectra of the triple conjugate and the triple conjugate precursors normalized to
the absorption of the fluorescent dye. f) Multi angle dynamic lightscattering (DLS) in PBS buffer
of the triple conjugates of the small brush PB1 FD-OVA(7)-aDEC205(3)-CpG(6) and big brush
PB3 FD-OVA(7)-aDEC205(3)-CpG(7). g) Average number of bioactive components per brush

determined as described in the text.

In summary, the developed synthetic pathway allows the synthesis of peptobrushes containing
antibody (aDEC205), immune activator (CpG), antigen (ovalbumin) and fluorescent dye (dye
AlexaFluor647). In addition the average number of individual components can be precisely
controlled and thus adjusted to the desired amount by stoichiometry yielding the final conjugates
in high yields. While the peptobrushes PB1-PB3 are well tolerated by cells and display stable
circulation in vivo the modification with antibody, antigen and immune activator may alter these
properties. Therefore, peptobrush conjugates have been also employed to studies on toxicity
induced by the material or its aggregation behavior. These conjugates have been well tolerated by
BMDCs and did not display detectable cytotoxic effects at the doses applied as reflected by
largely unaltered cell metabolic activity doses for in vitro vaccination. Furthermore, DLS and
FCS in serum been employed before applying the vaccines in vivo. While DLS is a very sensitive
technique to detect larger aggregates induced by the coexistence of nanoparticles and
concentrated blood serum, FCS monitors changes in the hydrodynamic radius of individual
nanoparticles.’*®' A solution of the triple conjugate, for example PB3 FD -OVA(13) —
aDEC205(2) —CpG(6) in PBS, was added to human serum pooled from 6 patients, thus yielding

a final solution containing 90% human serum and only 10% PB3 FD -OVA(13) —-aDEC205(2) —
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CpG(6) solution in PBS. The DLS measurements indicate the absence of aggregate formation

(see Fig. 5a).
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Figure 5. Evaluation of the interaction of triple conjugates with serum. a) Autocorrelation
function gl(t) recorded from PB3 FD -OVA(13)-aDEC205(2)-CpG(6) in 90% human serum
(Corush = 21077 M). Scattering angle 30°. b) Autocorrelation functions of AlexaFluor647 (light
blue) PB3 FD (green) and PB3 FD —OVA(8)-aDEC205(2)-CpG(6) (dark blue) in DPBS and
90 % human serum (cpp = 5-108 M).

As reported in literature®', the diffusion time 7 of particles in serum increases due to the
increased viscosity of serum compared to buffer. However, the fluorescent brightness should
remain almost the same in the absence of particle aggregation. As shown in Fig. 5 b, 7, of the
dye AlexaFluor647 is 1.5 times higher in serum which is well in line with the factor 1.43 reported
in literature. T, of PB3 FD increases by a factor of 1.56 and the fluorescence brightness stays
constant in the experimental error (27 kHz in DPBS and 31 kHz in serum). Those observations
indicate no significant change in the Ry of PB3 FD in serum as well as no aggregation in the
presence of 90 % serum. 7, of the triple conjugate PB3 FD —OVA(8)-aDEC205(2)-CpG(6)
increases from 1506 ps to 2801 ps which belongs to an increase from 21.8 nm to 26.5 nm. As the
fluorescence brightness stays almost constant (26 kHz in DPBS and 31 kHz in serum), we
conclude that the increased Ry in serum is caused by the adsorption of serum proteins which may

be caused by protein interactions with OVA and aDEC205 or electrostatic interactions with the
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negatively charged CpG. Whether the adsorption of serum proteins influences the interaction of

the conjugates with cells is not yet clear but part of current research projects.

Therefore, we can state that the peptobrush triple conjugates do not cause aggregation of
serum proteins and only slightly increase in size in contact with serum proteins making

peptobrushes promising candidates for local or even systemic vaccination.
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Figure 6: Functional properties of differentially functionalized peptobrushes. a) Flow cytometric
analysis of BMDC incubated for 1h with pLys FD and the indicated peptobrushes (representative
of 2 experiments). b) Confocal microscopy of BMDC incubated for 4h with the same compounds
and incubated with Hoechst dye (blue) for nuclear staining. c) Proliferation of OVA peptide-

specific T cell populations induced by BMDC preincubated overnight with the indicated

peptobrushes (mean+SEM; representative of 3 experiments each).
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Figure 7: a) Flow cytometric analysis of skin, lymph nodes, blood and spleen after s.c. injection.
Bars indicated the peptobrush positive CD45* cells in % 1 hour and 16 hours after injection. b)
Scheme of T cell response after engulfment of the peptobrush by dendritic and in vivo
proliferation assay with OV A-peptide specific OTI and OTII mouse model, evaluation of T cell
proliferation by flow cytometric analysis of blood, lymph nodes and spleen c) Protective
vaccination B16/OVA tumor experiment; s.c. injection of PB, PB-OVA, PB-OVA-CpG and

sOVA.

CONCLUSIONS

In this work we have demonstrated the synthesis of peptobrush based vaccines, which
combine antibodies for dendritic cell targeting, antigens and immune activators among bottle
brush polymers. The synthesis of bottle brush polymers with a lysine backbone and polysarcosine
side chains allows to adjust the morphology of polypept(o)ide-based nanoparticles by the degree
of polymerization of backbone and side chains. It is demonstrated that the formed peptobrushes
have molecular weights of 2.2-10° to 10.4-10° g-mol™! and dispersity indices of 1.2-1.3, which
underline the well-controlled synthesis. In addition, peptobrushes have been very well tolerated
by cells, display low unspecific cellular uptake and do not cause any detectable aggregation of
proteins in full serum. In line with these results, only a minor decrease in peptobrush concentration
in blood of 40 % during 24 h could be observed in mice, clearly indicating a long circulation in
mice (half times of 2 days). Thus, we have chosen these novel peptobrushes for further
modification with antibodies for dendritic cell targeting (aDEC205), antigens (ovalbumin) and
immune activators (CpG). Cupper free strain promoted azide alkyne coupling enables the
sequential chemoselective of all components onto the bottle brush polymers and allows the precise
adjustment of the average number of each component. Remarkably even the final conjugate does
not induce any protein aggregation in human serum, which motivates further research and

development of peptobrushes for systemic vaccination in cancer therapy.
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EXPERIMENTAL SECTION

Materials

DMF was purchased from Acros (99.8%, Extra Dry over Molecular Sieve) dried over BaO and
distilled in vacuo followed by excessive stirring in vacuo to remove traces of dimethylamine.
THF and hexane were purchased from Sigma Aldrich and distilled from sodium. DIPEA was
purchased from Sigma Aldrich, dried over NaOH and freshly distilled prior to use. Triethylamine

was purchased from Carl Roth and distilled from potassium hydroxide.

Used as received: aDEC205 antibody (DEC205/HB290, rat amouse IgG2a), BioXCell;
AlexaFluor647-DBCO, Invitrogen; AlexaFluor647-Ns, Invitrogen; AlexaFluor647-NHS Ester,
Invitrogen; 4-azidobutyric acid, Chiralix; CpG-1826-DBCO, IBA; CW800-DBCO, LICOR;
DBCO-PEG:-5/6-Carboxyrhodamine 110, Jena Bioscience; DBCO-PEG4-NHS Ester, Jena
Bioscience; DMSO, Sigma Aldrich; DPBS (no calcium, no magnesium), Sigma Aldrich; poly(L-
lysine trifluoroacetate) 100, Alamanda; poly(L-lysine trifluoroacetate) 250, Alamanda; EndoFit
Ovalbumin, InvivoGen; Sarcosine, Sigma Aldrich; Streptomyces griseus Typ XIV, Sigma

Aldrich.

Characterization

Static and Dynamic Light Scattering

The light scattering measurements were performed at 20 °C. All solutions were prepared in a dust
free flow box and the cylindrical quartz cuvettes (Hellma, Miihlheim, Germany) were cleaned by
dust free distilled acetone. Static light scattering (SLS) experiments were conducted by the
following instrument: Apparatus 1 consists of an ALV SP86 goniometer, an ALV 3000 correlator,
a Uniphase HeNe Laser (25 mW output power at A = 632.8 nm wavelength) and an ALV/High
QE APD avalanche diode fiber optic detection system. The scattered intensity was divided by a

beam splitter (approximately 50:50), each portion of which was detected by a photomultiplier.
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The two signals were cross correlated in order to minimize non-random electronic noise. Dynamic
light scattering measurements were performed with a HeNe Laser (25 mW output power at A =
632.8 nm, 25 mW) and an ALV-CGS 8F SLS/DLS 5022F goniometer with eight simultaneously
working ALV 7004 correlators and eight QEAPD avalanche photodiode detectors. PB1, PB2 and
PB3 were filtered through 0.2 um pore size Millex GHP filters (Millipore). PLys1 and Plys2 were

filtered through 0.02 um pore size Whatman Anotop filters and 0.2 um pore size Pall GHP filters.

The static scattering intensities were analyzed according to Zimm in order to yield the weight
average molar mass, My, the square root of z-average mean square radius of gyration, Ry =
(R; 95, and the second viral coefficient A,. The experimental uncertainties are estimated to be
+5% for My, and R,. The correlation functions of the particles showed a monomodal decay and
were fitted using a sum of two exponentials. The z-average diffusion coefficient D, was calculated
by extrapolating Dqyp for ¢ = 0. By formal application of Stokes law, the inverse z-average
hydrodynamic radius is Ry= <Ry !>, !. The experimental uncertainties are estimated to +2% for
Rh. The experimental uncertainties are estimated to £2% for Rh. For static light scattering, stock
solutions of each sample were prepared. PB1, PB2 and PB3 were filtered through 0.2 pm pore
size Pall GHP filters. The measurements were done in 20 mm diameter quartz cuvettes (Hellma).
Further dilutions were made by subsequent addition of 0.2 um pore size Pall GHP filtered solvent

into the LS cuvette and the respective concentrations were obtained by weighing.

To investigate the aggregation behavior of PB4 in human plasma, plasma pooled from 6 patients
was used. The plasma was obtained from the University Medical Center of the Johannes
Gutenberg University Mainz (Germany). The plasma was filtered through a Millex GS 0.22 um
filter (Millipore). PB4 and DPBS were filtered through 0.2 um pore size Millex GHP filters
(Millipore). The following mixtures have been prepared: plasma:DPBS 9:1 and plasma:PB4 9:1
(cpea = 3.4-10°M). The cuvettes were incubated for 20 min at room temperature before

measurement.
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UV-VIS Spectroscopy

Measurements were done on a Carry 100 Bio UV-VIS Spectrometer (Varian, Inc). The spectra

were analyzed with Cary Win UV Scan Application (V 02.00(25)).

Fluorescence Correlation Spectroscopy

The fluorescence correlation spectroscopy (FCS) experiments with AlexaFluor647 dye were
performed using a commercial setup (Zeiss, Germany) consisting of the module ConfoCor 2 and
an inverted microscope model Axiovert 200 with a Zeiss C-Apochromat 40 x /1.2 W water
immersion objective. Dyes were excited by a HeNe laser (633 nm). Fluorescence light was filtered
(LP650 long pass emission filter) and collected by an avalanche photodiode that enables single-
photon counting. Eight-well polystyrene-chambered coverglass (Laboratory-Tek, Nalge Nunc
International) was used as a sample cell. For each sample, a series of 10 measurements (10 s each)
were performed. The experimental autocorrelation curves were fitted with a single component,
free 3D diffusion analytical model function to obtain the diffusion coefficient and consequently
through the Stokes-Einstein equation the hydrodynamic radius of the fluorescent species. The
confocal observation volume was calibrated using Alexa Fluor 647 as a reference dye with a
known diffusion coefficient. The fluorescence correlation spectroscopy (FCS) experiments with
800CW dye were performed on a LSM880 confocal microscope (Zeiss, Germany) coupled to a
FCS detection module (PicoQuant, Germany). In all experiments a Zeiss C-Apochromat 40 x /1.2
W water immersion objective was used. The studied fluorophores were excited either at 633 nm
or 780 nm and the fluorescence light detected after filtering with respectively LP650 or LP800
long pass emission filters. Eight-well polystyrene-chambered coverglass (Laboratory-Tek, Nalge
Nunc International) was used as a sample cell. For each sample, a series of 10 measurements (30
s each) were performed. The experimental autocorrelation curves were fitted with a single
component, free 3D diffusion analytical model function to obtain the diffusion coefficient and
consequently through the Stokes-Einstein equation the hydrodynamic radius of the fluorescent

species.

27



Fluorescence Spectroscopy

Fluorescence spectra were recorded using Jasco FP-6500 (ETC-273) Spectrometer equipped with
the software FP-6500 JASCO-SpectraManager, Spectrum Measurement. For NIR dye labeled
samples two fluorometers were used. Fluorometer 1 is a LS55 fluorometer from Perkin Elmer.
The spectra were analyzed with the BL Studio (Basic Fl). Fluorometer 2 is a Plate Reader
Infinite™ 200 PRO (Tecan Life Sciences). The spectra were analyzed with Tecan i-control (V

1.10.4.0).

Gel permeation Chromatography (HFIP-GPC)

Hexafluoroisopropanol (HFIP) gel permeation chromatography (GPC) was performed with HFIP
containing 3 g/l potassium trifluoroacetate as eluent at 40°C and a flow rate of 0.8 mL min™'. The
columns were packed with modified silica (PFG columns; particle size: 7 um, porosity: 100 &
1000 A). Polymers were detected with a refractive index detector (G 1362A RID, JASCO) and a
UV/Vis Detector (UV-2075 Plus, JASCO). Molecular weights were calculated using a calibration
performed with PMMA standards (Polymer Standards Services GmbH) and toluene as internal
standard. Elution diagrams were analyzed using WinGPC UniChrome 8.00 (Build 994) software

from Polymer Standards Services. All solutions were filtered through a 200 nm Filter.

Preparative Gel Permeation Chromatography

For purification of aDEC205-DBCO, OVA-DBCO or brush-conjugates preparative SEC was
performed using a Sepharose 4 FF XK 16/70 column (GE Healthcare Life Sciences), a L-2310
LaChrom Elite (Hitachi) and a 2487 UV-detector (Waters). The UV-VIS absorption was
measured at 220 nm. The spectra were analyzed with the software Chromatographica V1.0.26.
DPBS buffer was used as an eluent and the flow rate was set to 0.5 mL-min’'. The column was
cleaned every 7 days with 1 M NaOH over night at 0.5 mL-min"!, followed by 72 h with

0.1 M NaOH at 0.1 mL-min™".
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Infrared Spectroscopy

Attenuated total reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy was
performed on a FT/IR-4100 (JASCO) with an ATR sampling accessory (MIRacleTM, Pike

Technologies). IR Spectra were analyzed using Spectra Manager 2.0 (JASCO).

Melting Point

The melting point of Sarcosine-NCA was determined using a METTLER FP62 (METTLER

WAAGEN GMBH).

PAGE

The SDS PAGE was performed in a XCell Surelock Mini-Cell using precast NuPAGE Novex™
4-12% Bis-Tris gels. The gels were run in a 1x NUPAGE™ SDS MES running buffer, usually at
a constant voltage of 200 V for 35 min. The samples were diluted with 2.5 pl NuPAGE™ LDS
sample buffer and Milli-Q water to a final volume of 10 pl. Novex™ Sharp Pre-stained Protein
Standard was chosen for molecular weight estimation. The gels were stained with SimplyBlue™
SafeStain following the standard protocol. To proof the absence of unbound CpG, TBE Urea
PAGE was performed in a XCell Surelock Mini-Cell using precast denaturating Novex™ 15 %
TBE-Urea gels. The gels were run in a 1x TBE running buffer, usually at a constant voltage of
180 V for 75 min. The samples were diluted with 5 ul TBE-Urea sample buffer and Milli-Q water
to a final volume of 10 ul. The gels were stained with SYBR Green™ II following the standard
protocol. Upon excitation at 365 nm, fluorescence was imaged with a conventional digital camera.

All components were purchased from Invitrogen and used as received.

Zetasizer

Measurements of the zeta potential were performed in 10 mM NaCl at 1 g-L! with a Zetasizer

Nano ZS (Malvern).
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Atomic Force Microscopy

Measurements were performed with a Veeco MultiMode Scanning Probe Microscope and a
Nanoscope IIla Controller. All micrographs were taken in the Tapping mode. The samples were
spin coated on mica. For measurements on the dried samples, Olympus OMCL-AC160-W2
cantilevers with a resonance frequency of 300 kHz (spring constant 42 N/m) were utilized. The

length and width were analyzed with the software Pen.

'H-NMR/"’F-NMR

300 MHz 'H-NMR spectra were recorded on a Bruker AC 300. 400 MHz '"H-NMR and "F-NMR
measurements were performed on a Bruker Avance 111 HD 400. All spectra were recorded at room

temperature and analyzed with MestReNova software.

Enzymatic degradation

The enzymatic degradation of the PBs was evaluated after the addition of the protease
Streptomyces griseus. 2 mg protease (Streptomyces griseus Typ XIV, Sigma Aldrich) was
dissolved in 1 mL protease buffer (10 mM Natriumacetate, 5 mM Calciumacetate, pH 7) and
added to 20 mg PB dissolved in 1 mL protease buffer. The mixture was incubated at 37 °C. An

aliquot was taken at the indicated timepoints (Fig. S3), lyophilized and analyzed by HFIP-GPC.

Endotoxin Assay

Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher) was used following the

standard protocol to determine the endotoxin values of the samples.

MTT Assay

Cytotoxic effects of polymer brushes were evaluated by MTT assay. For this, cells (each

5x10%ml) of the mouse DC-like cell line DC2.4 and the human embryonic kidney cell line
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(HEK293) were seeded in wells (each 100 pl) of 96-well cell culture-treated plates. On the next
day, polymer brushes were applied to triplicates at different concentrations (50-5,000 pg/ml) as
indicated. Samples treated with DMSO at cytotoxic concentration (10%) served as a negative
control, and samples treated with DPBS (10%) as a solvent control. On the next day, the metabolic
activity of the cells was assayed by sequential addition of MTT substrate and of stop solution as
recommended by the manufacturer (Promega, Heidelberg, Germany). Formazan product

quantification was performed using an ELISA plate reader.

Generation of bone marrow-derived DC (BMDC)

Mouse (C57BL/6) bone marrow cells were seeded in 12 well plates (2x10° in 1 ml) or bacterial
dishes (@ 10 cm; 2x10%10 ml) in culture medium consisting of IMDM media containing 2 mM
L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin (all from Sigma-Aldrich, Deisenhofen,
Germany), and 50 uM B-mercaptoethanol (Roth, Karlsruhe, Germany) supplemented with 5%
FCS (Sigma-Aldrich) and 10 ng/ml recombinant murine GM-CSF (R&D Systems, Wiesbaden,
Germany). Media were replenished on days 3 and 6 of culture, and BMDC were subjected to
experiments on days 7-8 of culture. For treatment, on days 7-8 the sample volume was adjusted

to 1 ml, and agents were applied as indicated.

Flow cytometric analysis

BMDC were harvested from bacterial dishes, reseeded in sterile FACS tubes (2x10%500 ul), and
incubated with CW800-labeled brushes (each 10'2) for 3h in parallel at 4 °C and 37 °C. Then,
samples were washed, and Fc gamma receptors were blocked by incubation with an appropriate
rat anti-mouse antibody (clone 2.4G2; room temperature, 10 min). Samples were incubated with
BV421-anti-CD11c (clone N418; BioLegend; San Diego, CA)) for 20 min at 4 °C. Samples left
untreated served as controls. After antibody incubation, samples were washed, resuspended in
PBS/0.7% paraformaldehyde, and fluorescence intensities were assessed employing an Attune
Nxt flow cytometer (ThermoFisher). Data were analyzed using FlowJo software (FLOWIJO,

Ashland, OR).
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Confocal laser scanning microscopy (CLSM)

The volume of BMDC differentiated in 12 well plates was adjusted to 1ml, and cells were
incubated with pLys FD and peptobrushes (each 10'%/sample) as indicated for 4h. Then, cells were
washed, and nuclei were stained with Hoechst dye (2 uM) for 30. Afterwards, samples were
washed. The imaging of the cells was performed in ivbiTreat p-slides (IBIDI, Germany) using a

TCS SP5 confocal microscope (Leica), and Leica LAS AF software.

T cell proliferation assays

The volume of BMDC cultures set up in 12 well plates was adjusted to 1 ml, and differentially
functionalized peptobrushes (10'%/sample), OVA protein (Merck, Darmstadt, Germany), or
DBCO-modified OVA, and CpG ODN 1826 (Invivogen, San Diego, CA) were applied. On the
next day, samples were harvested and thoroughly washed. Syngeneic OV A peptide-reactive CD4*
(OT-II) and CD8* (OT-I) splenic T cells were isolated by negative immuno-magnetic separation
as recommended by the manufacturer (Miltenyi Biotec, Bergisch-Gladbach, Germany). T cell
purity usually exceeded 90% as assessed by flow cytometry. Titrated numbers of BMDC (starting
concentration 5x10*well) were cocultured with T cells (each 10%) in triplicates (200 ul volume)
in 96-well cell culture plates for 96 h. T cell proliferation was detected by incorporation of *H
thymidine applied for the last 16h of coculture in a 3 counter (1205 Betaplate; LKB Wallac,

Turku, Finnland).

In vivo fluorescence imaging in zebrafish embryos

We used zebrafish embryos with fluorescent vasculature, tg(flila:EGFP) which were kept in
embryo water (Cosma et al 2006, Current protocols in microbiology) containing phenylthiourea
(0.003% Aldrich) at a temperature of 28,5 °C. All experiments conducted were approved by the
Norwegian food safety authority. Microinjections were performed in the posterior caudal vein of
2-day old zebrafish embryos. For this, solutions of peptobrushes were loaded in a borosilicate

needle (GC100T-10, Harvard Instruments) previously made using a pipette puller (P-97 Sutter
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Instruments). The needles were in turn connected to a Eppendorf Femtojet express pump and
micromanipulated using a Narishige MN-153 instrument. The injections were performed on
previously sedated (Tricaine 0.02 % in embryo water) zebrafish larvae and placed on a dish
containing hardened agarose (2% in milliQ water). In order to analyze the circulation of
peptobrushes, zebrafish embryos were imaged after the injection at different times using a Leica
DFC365FX stereomicroscope with a 1.0X planapo lens. For each embryo an image of the caudal
region was taken at 120X while one of the whole fish was taken at 30X. For obtaining absolute
values, the average fluorescence measured in three selected sites of the caudal artery (120X
image) was normalized relative to the overall fluorescence of the zebrafish (30X image). These
measurements were obtained using the program Fiji. The conversion of these absolute values into
percentages was made by considering 0% the value associated to polylysine NP at 5 minutes
while 100% was considered the value of peptobrushes 5 minutes post injection. Videos of
Peptobrushes and Polylysine NP were made with a high speed Andor Dragonfly Spinning disc

using a Nikon 60X 1.4 NA Lens.

In vivo fluorescence imaging in mice

In vivo fluorescence imaging of NIR dye 800CW-DBCO-labeled brushes (PB NIRD) was
performed with the IVIS Spectrum Imaging system (Perkin Elmer). Briefly, mice were
anesthetized with isoflurane prior to injection of the brush intravenously and were transferred to
the light-tight chamber of the imaging system. 150yl of PB NIRD in DPBS
(cNR-Dye = 1.5-10° M) were injected per mouse. Whole body imaging was performed at indicated
time points using the filter set at 745 nm for excitation and at 800 nm for emission with an
integration time of 3 sec. Ex vivo imaging of the organs was performed using the same
instrumental setting. Blood kinetics were determined by retrieval of blood at indicated time points

upon brush injection followed by ex vivo imaging as described above.
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Synthesis

Synthesis of Sarcosine N-Carboxyanhydride

The synthesis of sarcosine NCA was adapted from literature and modified.® A total of 20.52 g
(230.2 mmol) sarcosine, dried under vacuum for 1 h, was weighed into a pre-dried, three-neck,
round-bottom flask. A total of 300 mL of abs. THF was added under a steady flow of nitrogen
and 22.3 mL (184 mmol) of diphosgene were added slowly via syringe, and the nitrogen stream
was reduced. The colorless suspension was mildly refluxed for 3 h, yielding a clear solution.
Afterward, a steady flow of dry nitrogen was led through the solution for another 3 h while the
outlet was connected to two gas washing bottles filled with aqueous NaOH solution to neutralize
phosgene. The solvent was evaporated under reduced pressure, yielding a brownish oil as a crude
reaction product. The oil was dried under reduced pressure (1-1073 mbar for 2 h) to obtain an
amorphous solid, free of phosgene and HCI, confirmed by testing against silver nitrate solution.
The crude product was redissolved in 40 mL of THF and precipitated with 300 mL of dry hexane.
The solution was cooled to —18 °C overnight to complete precipitation. The solid was filtered
under dry nitrogen atmosphere and dried in a stream of dry nitrogen for 60—90 min and afterwards
under high vacuum for 2 h in the sublimation apparatus. The crude product was sublimated at 85
°C and 1-10~* mbar. The product was collected from the sublimation apparatus in a glovebox on
the same day. The purified product (156 mmol, 68% yield, colorless crystallites; melting point:
102-104 °C (1it:* 102-105 °C) was stored in a Schlenk tube at —80 °C and only handled in a

glovebox.

'H NMR (300 MHz, CDCl3): & [ppm] = 4.22 (2 H, s, -CH»-CO-), 2.86 (3 H, s, -CHs).

34



Synthesis of Azido-butyricacid Pentafluorphenylester

1 g of y-azido butyric acid (7.74 mmol) was dissolved in pre dried THF. After adding 2.15 mL
triethylamine (15.0 mmol, 2 eq.) the solution was stirred for 30 min at room temperature. Two
equivalents of pentafluorophenol trifluoro acetat (2.66 mL, 15.0 mmol) were added dropwise with
a syringe and the reaction mixture was stirred over night at room temperature. Completion of the
reaction was verified with thin layer chromatography (TLC). After THF was distilled, the
remaining solid was taken up in dichloromethane and three times extracted with water. The
organic phase was dried with MgSO4 and DCM was distilled off the product. The product was

purified by column chromatography.

"H NMR (400 MHz, CDCl5): & [ppm] = 3.46 (2 H, t, -CH,-CH,-CH>-N3), 2.80 (2 H, t, -CH»-

CHQ-CHz-Ns), 2.05 (2 H, m, -CHz-CHz-CHz-N3).

F NMR (400 MHz, CDCl3): & [ppm] = -153.95 (2F, d, 0-CF), -158.90 (1F, t, p-CF), -163.32

(2F, t, m-CF).

Synthesis of Peptobrushes (PB1)

The following stock solutions were prepared directly before use and under dry nitrogen
atmosphere: 228 mg DIPEA in 3.7 mL DMF, 7.83 g Sarcosine NCA in 40 mL DMF and 218 mg
azido-butyricacid pentafluorphenylester in 2 mL. DMF. The following operations are done under
a steady flow of dry nitrogen. 0.44 mL (193 umol) of DIPEA-DMF was added via syringe to a
schlenk tube containing 39 mg (160 pmol) poly(L-lysine trifluoroacetate) (DP = 102) dissolved
in 2 mL. DMF solution. After 1 hour stirring, 4.6 mL (8 mmol) Sarcosine NCA in DMF was
added. The solution was stirred at room temperature and kept at a constant pressure of 1.25 bar
of dry nitrogen via the Schlenk line to prevent impurities from entering the reaction vessel while
allowing CO, to escape. When the reaction was finished (completion of the reaction was
confirmed by IR spectroscopy by the disappearance of the NCA peaks), 0.52 mL azido-

butyricacid pentafluorphenylester in DMF (1.2 fold excess based on the amine groups) was added
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and the reaction mixture was stirred for 2 days at 40°C. The final azide functionalized polymer
brush was precipitated in ether and centrifuged (4500 rpm at 4°C for 15 min). After discarding
the liquid fraction, fresh ether was added, and the polymer was resuspended using a sonic bath.
The suspension was centrifuged again, and the procedure was repeated. The polymer was
dissolved in MilliQ water, centrifuged with Amicon Ultra Centrifugal Filters (50 kDa, 4000xg,
4x20 min). After lyophilization, a colorless product was obtained. Yield: 73%. The

characterization of PB1 is described in the text and summarized in table 1.

Synthesis of Peptobrushes (PB2)

The synthesis of PB2 was carried out similar to PB1 using 0.45 mL DIPEA (198 umol) dissolved
in DMF, 40 mg (165 pumol) poly(L-lysine trifluoroacetate) (DP =102), 9.5 mL (16 mmol)
Sarcosine NCA in DMF and 0.53 mL azido-butyricacid pentafluorphenylester in DMF. Yield:

59%. The characterization of PB2 is described in the text and summarized in table 1.

Synthesis of Peptobrushes (PB3)

The synthesis of PB3 was carried out similar to PB1 using 0.80 mL DIPEA (351 pumol) dissolved
in DMF, 71 mg (292 pmol) poly(L-lysine trifluoroacetate) (DP =258), 16.8 mL (29 mmol)
Sarcosine NCA in DMF and 0.95 mL azido-butyricacid pentafluorphenylester in DMF. Yield:

63%. The characterization of PB3 is described in the text and summarized in table 1.

Dye labeling of Peptobrushes

The dyes DBCO-PEG4-5/6-Carboxyrhodamine 110, AlexaFluor647-DBCO and 800CW-DBCO
were conjugated to the peptobrushes via SPAAC. In a typical experiment, PB was dissolved in
DPBS (cps = 50 g'L") and the dye was dissolved in DMSO (cpye = 5 mM). As the reaction is
quantitative, 1 equivalent of the desired amount of dyes per brush was added. After incubation
over night at rt under light exclusion, the reaction mixture was purified by Amicon Ultra

Centrifugal Filter Devices to remove unbound dye (15 mL, 50 kDa, 4000xg, 10 times). The

36



resulting solution was concentrated with Amicon Ultra Centrifugal Filter Devices (50 kDa,
4000xg) and filtered through sterile 0.22 pm Millex-GS filters. Ry was measured by DLS and
FCS. FCS was also used to proof the absence of unconjugated dye and to determine the number
of dyes per brush. To evaluate quenching effects, emission spectra of the free dye and the dye
labeled PB were recorded, using solutions of the same optical density. If quenching effects were

detected, the number of dyes determined by FCS were corrected by the amount of quenching.

Synthesis of DBCO-functionalized OVA and aDEC205

In a typical experiment, 2 eq. DBCO-PEG4-NHS-Ester (dissolved in DMSO, ¢ = 10 g-L!) were
added to aDEC205 or OVA. aDEC205 was used as received (dissolved in buffer, capecaos =
4 -7 g'L") and OVA was dissolved in DPBS (cova = 14 g-L"). After incubation over night at rt,
the reaction mixture was purified by Amicon Ultra Centrifugal Filter Devices (15 mL, 10 kDa,
4000xg, 10 times) to remove unbound DBCO-PEG4-NHS-Ester and NHS. Afterwards preparative
SEC was performed using a Sepharose 4 FF XK 16/70 column (flow 0.5 ml-min™!) to remove
aggregates. OVA-DBCO (fraction 90 — 110 mL) and aDEC205-DBCO (fraction 80 — 110 mL)
The resulting solution was concentrated with Amicon Ultra Centrifugal Filter Devices (10 kDa,
4000xg) and filtered through sterile 0.22 um Millex-GS filters. Yield: 80 —90 %. Ruova-
paco = 3.3 nm. Ryapec20s = 5.8 nm. The OVA and aDEC205 concentrations as well as the number
of DBCO per bioactive component were determined by UV-VIS spectroscopy as described in the

SL

Synthesis of dye labeled PLys250

20 mg PLys258 (320 nmol) were dissolved in 2 mL DPBS. 1 mg AlexaFluor647-NHS Ester (2.5
eq., 800 nmol) dissolved in 160 ul. DMSO was added and the reaction mixture was incubated
over night at rt under light exclusion. Purification was done with Amicon Ultra Centrifugal Filter
Devices (15 mL, 10 kDa, 4000xg, 20 times). Ry(FCS) = 7.6 nm. The number of dyes per molecule

1s 2.
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Synthesis of PB conjugates with OVA and aDEC205

The synthesis of OVA and aDEC205 Peptobrush conjugates is similar for both bioactive
components. The amount of the DBCO-modified component that needs to be added depends on
the number of DBCO per component (Npgco between 1—2, see Fig. S9). 1/(0.34:Npgco)
equivalents of the DBCO modified component (dissolved in DPBS, cova-pBco/pec20s-pBco = 5 —
15 g'L") were added to the dye labeled brush dissolved in DPBS (cpg = 110 — 1:10° M). The
reaction mixture was incubated over night at rt. To remove bridged brushes and unconjugated
bioactive components, PB3-conjugates were purified via preparative SEC using a Sepharose 4 FF
XK 16/70 column (flow 0.5 ml-min'). The fraction from 55 mL to 75 mL was collected. For
PB1-conjugates, two columns were coupled. For PB1-OV A-conjugates 110 mL to 145 mL and
for PB1-aDEC205-conjugates 100 mL to 130 mL were collected. The fractions were concentrated
using Amicon Ultra Centrifugal Filter Devices (50 kDa, 4000xg) and filtered through sterile
0.22 um Millex-GS filters. Each conjugate was analyzed by DLS, FCS, UV-VIS spectroscopy
and SDS-PAGE as described in the discussion. The calculation of the average number of bioactive

components per brush is described in the SI.

Synthesis of PB conjugates with CpG

The synthesis of OVA and aDEC205 Peptobrush conjugates is similar for both bioactive
components. The amount of the DBCO-modified component that needs to be added depends on
the number of DBCO per component (Npgco between 1 —2, see Fig. S9). 1/(0.34-Npgco) 1.1
equivalents of CpG-DBCO (ccpe-pco= 100 pmol-L") were added to the dye labeled brush
dissolved in DPBS (cpg = 1:10”° — 1:10°° M). The reaction mixture was incubated over night at rt
followed by purification with Amicon Ultra Centrifugal Filter Devices (15 mL, 50 kDa, 4000xg,
10 times) to remove unbound CpG-DBCO. After filtration through sterile 0.22 pm Millex-GS
filters the conjugate was analyzed by DLS, FCS, UV-VIS spectroscopy and TBE Urea PAGE as
described in the discussion. The calculation of the average number of CpG per brush is described

in the SI.
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