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Abstract

Glatiramer Acetate (GA) is a popular first-line treatment drug for relapsing remitting multiple
sclerosis (RRMS), a chronic autoimmune disease of central nervous system. GA is a mixture of random
copolymers with the average size distribution between 4-9 kDA. Although, GA has been present on the
market for more than 24 years, an active epitope or a sequence were not identified. One of the major
difficulties preventing the discovery of the most active components of the mixture is due to the complexity
of its synthesis.

With the aim of identifying a precisely defined alternative to GA, we designed a diverse library
of peptide dendrimers, which differ in their molecular weight, charge, and amino acid ratio. The design
was conducted using computational approach as well as manually to produce peptide dendrimers with
different structural features. Having a diverse library of peptide dendrimers, we then challenged the
dendrimers to trigger the release of the anti-inflammatory cytokine interleukin-1 receptor antagonist (IL-
1Ra) from human primary monocytes. IL-1Ra is a natural inhibitor of IL-1p, a proinflammatory cytokine,
which is one of the effects of GA on immune cells. Several of the largest dendrimers were as active as
GA. In order to understand better the structure-activity relationship, we then created a library, consisting
of the active dendrimers analogs. Activity of the active dendrimer was strongly influenced by variations
in amino acid sequence and stereochemistry.

Having a defined active sequence, we performed a detailed biological evaluation of the cytokine
secretion and regulation of the surface markers. In result, the differentiation of monocytes towards an M2
(anti-inflammatory) state was observed in response on the treatment. The confocal imaging with the
fluorescent labelled analogs pointed out the distribution of the dendrimers mostly on the membrane of the
monocytes but not the one of leukocytes. Since the active peptide dendrimer did not show measurable
cellular toxicity, and its exact sequence is perfectly defined, this compound might serve as a starting point
to develop a new class of immunomodulatory analogs of GA.



1. General Introduction

Treatment of autoimmune inflammation is a complicated task due to the complexity of its
pathogenesis and the involvement of numerous processes. Here, we review the pathogenesis of multiple
sclerosis (MS) development and accessible medication for its treatment. Glatiramer acetate (GA) is the
one of the most popular drugs on the multiple sclerosis market, nevertheless it exposes many
disadvantages and misunderstandings due to its structural complicity. We look at the most known
medications for multiple sclerosis and at their history of the discovery, synthesis and manufacture
processes of GA and explain why there are no close analogs reported. Subsequently we describe the
mechanism of action of glatiramer and discuss its in vitro model of action. For better understanding of
structure relationship and anti-inflammatory properties, we then discuss anti-inflammatory peptides and

dendrimers.

1.1 Multiple sclerosis

MS is a chronic autoimmune disorder, characterized by damage of the central nervous system
(CNS). MS is the one of the most frequent cause of disability in young adults affecting approximately 2
million patients worldwide. It is two to three times more prevalent in women than in men. The literal
meaning of MS is “many scars”, which describes the multiple lesions that accumulate in the brain and
spinal cord during development of the disease. In healthy individuals, the myelin sheath is protecting
nerve cells from damage and facilitates conduction of the nerve impulses. Damage to the myelin layer,
nerve cells or both results in symptoms such as impaired vision, organ dysfunction, pain, spasms,

numbness, muscle stiffness or cognitive dysfunction.!*]

There are two major forms of MS: Relapsing Remitting MS (RRMS) is the most frequent form
(85% of patients) and about 15% of the cases of patients present with insidious disease onset and steady
progression, termed Primary Progressive PPMS. RRMS is characterized by episodes of new or worsening

signs or symptoms i.e. relapses, followed by periods of recovery (remission) (Figure 1.1.).
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Figure 1.1. The National Multiple Sclerosis Society Advisory Committee on Clinical Trials in multiple
sclerosis (MS) defined four clinical courses of MS: relapsing-remitting MS, secondary progressive MS,

primary progressive MS and progressive relapsing MS. Figure taken from Filippi et al.[]

Symptomatically, MS has been described since the 18" century, yet the mechanism of
pathogenesis remains elusive. Different factors have been proposed to play a major role in the
development of the disease, such as genetic predisposition, environmental factors, Epstein-Barr virus
(EBV), ultraviolet radiation exposure and Vitamin D deficiency. ¥l Genes in the HLA antigen locus are
the strongest risk factor of MS development, however, they only explain only 20% to 30% heritability,
suggesting the remainder of heritability is related to epigenetic factors and gene-gene or gene-
environment interactions./l Environmental factors such as early life events, coupled with predisposing
genotypes lead to faulty immune response, causing activation both adaptive and innate immune cells,
which can penetrate the blood brain barrier (BBB). Numerous complex events take place to set off
pathologic events which result in demyelination, axon and neuron damage, and gliosis. Continuous
inflammation, oxidative damage, abnormal energy metabolism, activation of the innate immunity in the
CNS and incomplete repair of the neuron tissue, forms the injury and exhaust the compensatory

mechanisms. All mentioned processes result in progressive neuronal degeneration.[*

Recent studies indicated that multiple genes are shared by other autoimmune disorders. However

immunosuppressive therapies modify the disease course, as well a high risk of several autoimmune



diseases in MS patients.[®! Due to the lack of autoantibodies or antigens associated with the disease, MS

is considered a primary organ-specific autoimmune disease.

1.2. Disease mechanism

The full mechanism of action of MS remains unresolved. Historically, MS was considered as a T-
lymphocyte—mediated disease, however, later studies showed that both innate and adaptive immune cells
are involved in the inflammatory process, and resident immune cells of the CNS are causing damage to
the neural tissue. The overexpressed Major Histocompatibility Complex (MHC) | and 11 together with
secreted cytokines lead to infiltration of the immune cells crossing the BBB and leading to CNS lesions.
T (CD4 and CD8) cells, B cells, monocytes, macrophages and dendritic (DC)-like cells secrete pro-
inflammatory cytokines, nitric oxide, and matrix metalloproteinases that contribute to the damage of the

myelin sheath.["€]

Macrophages and microglia are the most common cells involved in the lesions, where they

reactivate T cells and B cells and directly damage neural tissue (Figure 1.2.).
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Figure 1.2. Detailed mechanism of MS development. Figure is taken from Dargahi et al.[’]
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The innate immune system is the oldest protective mechanism, which was the earliest one
developed in the living organisms. Monocytes, macrophages, and dendritic cells are part of innate
immunity. They are the most reactive among white blood cells and the first protective line against
microorganisms. However, if the immune system does not work properly, cells of the innate immunity
facilitate in development of the autoimmune processes. Astrocytes, dendritic cells, mast cells, and natural
killer cells are involved in the innate immune reactions in the nervous system, macrophages and microglia

are the most important innate contributors to pathological changes in MS.[*%

Circulating monocytes and macrophages can be polarized into pro-inflammatory M1 or anti-
inflammatory M2 cytokine secretion phenotype. [*1 M1 phenotype is characterized by the expression of
CD40", CD86*, CD64*, CD32" surface markers and induced by the presence of pro-inflammatory
cytokines, toll-like receptors, LPS and chemokines. M1 polarized cells secrete IL-1, TNF-a, IL-12, IL-
6, nitric oxide (NO) and reactive oxygen species (ROS). The M2 polarized cells are characterized by the
expression of CD163*, CD206" and induced in the presence of IL-4, IL-10, IL-13. M2 cells secrete anti-
inflammatory cytokines, such as IL-1Ra (receptor antagonist), IL-4, IL-10 and transforming growth factor
(TGF)-pL.

Monocytes and macrophages play an important role in the pathogenesis of MS. Similar to
macrophages, microglia cells belong to innate immunity and can be polarized towards M1 or M2
microglia cells. Proinflammatory M1 cells show inflammatory properties, if M2 are anti-inflammatory
and expose CD206 and C-C motif chemokine 22(CCL22) as surface markers. M2 cells were shown not

only to reduce inflammation, but are also important for remyelination.[*?]

T cells include several cell types characterized by different functions. CD4 cells are T helper cells
and can be differentiated into Thl, Th2, Th17 phenotypes. Thl and Th 17 cells belong to pro-
inflammatory phenotype and produce high levels of IL-2, IL-12, IL-17, TNF-a and IFN-y. Th2 are an
anti-inflammatory subset and produce IL-4, IL-5, IL-6, IL-10, IL-13, IL-25. During the development of
MS Thl and Thl17, activated by the cells of the innate immunity, they infiltrate the CNS lesions and
promote inflammation. Th1 recognize short 9-17 amino acid epitopes of the myelin basic protein (MBP)
presented on the surface of antigen presenting cells (APC) in a complex with MHC class Il (9-17 amino

acids fragment). This leads to immune activation and induced autoimmunity against CNS.

CD8 cells are cytotoxic T cells or T killers and analogically recognize MHC class | which includes
7-9-mer peptide epitope presented on the surface of APC. MHC I is highly expressed within demyelinated
scars of neurons, dendritic cell, macrophages, astrocytes, and oligodendrocytes. CD8 cells play a major

11



role in the inflammation development and are counted as 10:1 CD8:CD4 T cells for MS patients. CD8
cells secrete high levels of IL-17, IFN-y, TNF-a.

Additionally, B cells play an important role in the development of the MS. Since the major role
of B cells in the adaptive immunity is antibody production, for a long time it was believed to detect myelin
basic protein binding antibodies, since B cells are widely present in the cerebrospinal fluid and brain
parenchyma. More than 50 different antibodies were isolated from cerebrospinal fluid of MS patients.
Interestingly, those antibodies did not react to MBP, however the activity of B cells within CNS of MS
patients suggests that B cells contribute to the development of the disease.

1.3. Accessible treatment

Currently, MS is not curable. There is only disease-modifying treatment available, which targets
different aspects of immuno-inflammatory processes. Approved treatments suppress the immune system,
which increases the risks for infections and cancer.l*®l Glatiramer acetate (GA), together with B-
interferons (IFN-Bs)!*4, Dimethyl fumarate (DMF)[*®1 and sphingosine-1-phosphate receptor modulators
are considered first-line treatment, and are administered subcutaneously or intramuscularly and orally
respectively. They are considered the lowest risk medications but with modest effectiveness.['®1 The
second-line treatment show higher effciency, but also exhibit the higher toxicity and include natalizumab
(Tysabri), fingolimod (Gilenya), alemtuzumab (Lemtrada), ocrelizumab (Ocrevus) and mitoxantrone
(Novantrone). [”1 The whole drug market volume of these medications is valued at US $22 billions in
2016, and GA and DMF making up the major part, followed by Fingolimod, a sphingosine 1-phosphate
receptor modulator (S1P), and Natalizumab, the monoclonal antibody against the cell adhesion molecule
a4-integrin (Figure 1.3.). The drugs can be classified by mechanism of action and be divided into S1P

modulators, neurorestorative agents and immunomodulators.

12
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Figure 1.3. Worldwide sales (2016) and a consensus forecast (2022). New entrants are shown in red.

Source: Evaluate Pharma. Picture taken from Westad et al.[¢]

Immunomodulators, including GA, ocrelizumab and INF-p are meant to inhibit the immune
response of MS. By preventing damage of myelin and inhibiting inflammation that produced as the

consequence of the disease (Figure 1.4.).

The first immunomodulator for RRMS on the market was IFN-B.[1*201 Treatment with IFN-B
results in balancing of expression of the inflammatory cytokines in the CNS, decreasing of the Thl and
Th17 reactive cells infiltrating through the BBB. This prevents further demyelination and promotes
neuronal survival. IFN-B treatment decreases formation of the new lesions up to 50%, however it is
associated with side effects such as liver damage. Due to its moderate effect and frequent side effects, the

benefit of IFN is small.

Dimethyl fumarate (DMF) is another type of immunomodulators, was approved by the FDA in
2013. DMF prevents migration of inflammatory cells through the CNS as well as regulation of the
oxidative stress by increasing glutathione levels. Comparatively low side effects and high effectiveness
made DMF a widely used drug for MS treatment.

Teriflunomide is another example of small molecule drug being approved in 2012 by the FDA
and used since for MS treatment. Teriflunomide has immunosuppressive properties and inhibits the

13



enzyme dihydroorotate dehydrogenase, and B and T cells proliferation. Side effects and limited

efficientcy make the drug less common nowadays.

Fingolimod (S1P) is a sphingosine 1-phosphate (S1P) receptor modulator, which was approved
by the FDA in 2010. By blocking the S1P receptor, it reduces the infiltration of the activated T cells into
the CNS together with inhibition of proliferation of T cells.[?*?2 Fingolimod accounts in 2016 for 3 billion
USD in sales worldwide. However, subsequent studies showed an increase in bradycardia related to

Fingolimod (SP1), which led to limited application of the drug.

Mitoxantrone is a strong immunosuppressor, used for cancer treatment. It disrupts DNA synthesis
in cancer cells and rapidly dividing cells. By suppression of B and T cells, Mitoxantrone reduces disease
progression by 84%.[23241 The side effects for the treatment are severe due to high toxicity of the drug
and limit its use as treatment for MS.

Several monoclonal antibodies are used for the treatment, such as Natalizumab - cellular adhesion
molecule a4- integrin inhibitor, Ofatumumab - IgG1 kappa (IgG1«x) monoclonal antibody, Alemtuzumab

- monoclonal antibody against CD52, Daclizumab - monoclonal antibody against CD25.

OH
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Figure 1.4. Chemical structures of selected drugs for MS treatment.
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1.4. Discovery of GA

GA was approved in 1996 in the US and 2001 in Europe, being the dominant force on the market
for treatment of MS for more than 20 years. The chemical composition makes GA a unique case among
all existing medications, and it has no analogs on the market nor second generation compounds in clinical

trials.

GA was initially synthetized in 1971 as an attempt to mimic myelin basic protein to induce
experimental autoimmune encephalomyelitis (EAE) in mice, the most common animal model for MS.
[2526] Contrary to expectations, the synthesized polypeptides were not encephalitogenic, but actually
exhibited a protective effect, perventing the development of the EAE in different species. 2]

The initial synthetic polypeptide Copolymer-1 was developed by the Weizmann Institute,
Rehovot, Israel and was composed of only 4 amino acids. Glutamic acid, lysine, alanine and tyrosine,
which led to the name GLAT, are composing the polymers with the ratio 1.9:4.7:6.0:1.0 respectively and
has a molecular weight between 22-24 kDa. There were several copolymers synthesized, which are called
glatiramoids. Having the same or similar amino acid composition, they differ a lot by their MW
distribution. For market use, the copolymer is called GA and optimized to be in a range 5-9 kDa with
amino acid ratio 1.4:3.4:4.2:1.0, which has better characteristics in terms of safety and effectiveness.
Classical synthetic approaches (solid phase or synthesis in solution) do not allow to achieve the required

size, so the following synthetic method was described.

The polymers were obtained from N-carboxyanhydrides of tyrosine, alanine, y-benzyl glutamate
and N-trifluoroacetyllysine (Figure 1.5.). The bifunctional amino acids are protected (the e-NH; of lysine
is protected by a trifluoroacetyl group and the y-COOH of glutamic acid and -OH group of tyrosine are
protected by a benzyl group). The polymerization occurs through the growth of linear chains from
monomers at room temperature in anhydrous dioxane with diethylamine as initiator. For the
polymerization reaction, the most important role plays the homopolymerisation constants of each
activated amino acids, which differ due to steric factors, the nature of the substituent and the reaction
conditions — temperature and concentration. After initialization of the polymerization by dimethylamine,
the depolymerization and deprotection of the initially formed protected polypeptide mixture takes place.
The final deprotection of the intermediate results in a large number of different polypeptides. The size
distribution depends on the acetolytic conditions of the GA mixture. Purification and size exclusion

followed by the ion exchange provide a desirable substance. [28:28:2°]
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Figure 1.5. General scheme of Glatiramer acetate synthesis and manifacture precesses.

That unexpected discovery opened a new field for MS therapy. Placebo controlled trials
successfully confirmed the activity and lack of significant side effects of GA, which led to its approvement

as a drug.l

The consistency of polypeptide sequences within GA depends on a well-controlled proprietary
manufacturing process. Copolymers can be distinguished by the molecular mass distribution profile,
polypeptide mapping by capillary electrophoresis profile, certain non-random and reproducible patterns
in amino acid sequences, secondary and tertiary structures, specific hydrophobic interactions due to
unique charge dispersion, characteristic ratio between molecules with C-terminal carboxylates, C-
terminal diethylamides, and proteolytic enzymatic profile.

Molecular mass distribution profile is a first method applied to the polypeptide mixture, which
allows to determine the size distribution of the mixture using well characterized peptide markers. The
polypeptide mapping by capillary electrophoresis allows to analyze the difference between copolymers.
Following by the proteolytic hydrolysis by carboxypeptidase P (hydrolyses the peptide bond between
glutamic acid and tyrosine) and separation on RP-HPLC of the fragments. Then the digested fragments
are mapped via capillary electrophoresis. Additionally, classical spectroscopic techniques (Fourier-
transform infrared, ultraviolet, proton and *3C NMR spectroscopies) are used to characterize the primary
structure of the polymers combined with Edman degradation method to characterize the amino acid

composition.
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Despite being available on the market for more than 20 years, the mechanism of action of GA
remains elusive for both animal and in vitro models. The enormous number of potentially active epitopes

10%, makes it impossible to identify or isolate the active sequences.?’]

1.5. General mechanism of action of GA

The general effect of GA is described as immunomodulation and neuroprotection. The effect of
GA relies upon several mechanism of action as follows: GA is hydrolyzed at the site of injection, where
it interacts with APC. Due to hydrophilic nature of GA and its metabolites it is very unlikely that these
polypeptides would cross the BBB, suggesting that the effect must occur in the periphery.B! In animal
model, labelled GA was detected in the stomach and thyroid gland, while the lowest concentration was
in the CNS.

The first hypothesis was based on the affinity of GA binds to purified MCH class 11.223%1 That
fact was considered as an evidence of a direct interaction of the drug with antigen presenting cells (APC).
However, this theory was abandoned since D-version of copolymer had similar affinity for MHC class Il
but had no activity towards Experimental Autoimmune Encephalomyelitis (EAE). Not only the
stereochemistry plays role, but also has been shown that Lysine is essential for the activity, hence a
copolymer composed of only glutamic acid, alanine and tyrosine was inactive. Additionally, the
substitution of the other amino acids, for instance alanine with valine and isoleucine, tyrosine with

phenylalanine and tryptophane and does not lead to a similar loss of activity.

The innate immune system is considered as one of the main targets of GA. It was shown that GA
induces the differentiation of immune cells towards an anti-inflammatory M2 rather than a pro-
inflammatory M1 state, an effect which can be tracked by monitoring various cell surface markers and
cytokines.[?834-381 GA treated monocytes and macrophages secrete increased amounts of 1L-10, TGF-f,
IL-1Ra, and decreased amounts of IL-1p, IL-12, Tumor Necrosis Factor alpha (TNF-a). Importantly, not
only monocytes from healthy donors, but also circulating monocytes of the MS patients exhibited

phenotypical shift towards M2.
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Figure 1.6. Mechanism of action GA. GA binds to a receptor on APC, initiating the anti-inflammatory

differentiation. APC stimulate T-cell differentiation towards T helpers 2 and T regulatory cells and
downregulate T helpers 1 and T helpers 17. Reactive Th2/Treg cells cross the BBB, modulating B cell
activation and down-regulate secretion of the proinflammatory cytokines in both in periphery and in CNS

reducing the myelin degradation.

Molecular mechanism for M2 shift for the APC is not clear, but the main hypothesis claims that
GA interacts with a receptor on the surface of APC, leading to activation of second messengers resulting
in M2 differentiation. It has been shown that PI3K/Act plays a role in the M2 polarisation. Also, treatment
with GA inhibits signal transducers and activators of transcriptor (STAT)1. GA inhibits the reactivity of

the monocytes in case of activation of its Toll-like receptors (TLR). 7]

APCs being shifted towards anti-inflammatory state promote T cell differentiation towards Th2
and Treg (Figure 1.6.). As discussed previously, T cells play a central role in the development of MS,

therefore the polarized Th2 and Treg can cross the BBB and reduce inflammation in the CNS.

GA also showed an effect on B cells, similar to the cells of myeloid system: GA inhibits secretion
of the inflammatory cytokines, such as IL-6, IL-12 and TNF-a and increase of 1L-10 secretion.[*¥! Despite
this, B cells play an important role in disease modulation. The effect of GA is indirect for B cells and is
observed in vivo. However, it is still not clear if the response is achieved due to interaction with APC or
via T cell regulation. GA effects B-cell phenotype downregulating the activation markers CD25, CD69
and CD95 in vivo together with up regulation of MHC class 11.5%
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1.6. GA generics and analogs

The complexity of the polypeptide mixture represents a major challenge when it comes to industrial
production of a generic version of GA. Only in 2015 the FDA approved the generic version of GA,
Glatopa by Sandoz. The fact that the most widely used drug, which was sold for more than USD 4.2
billion worldwide did not have generics equivalents on the market for 19 years can be explained by the
difficulties to reproduce the ratio and molecular weight of the polymers. Depolymerisation and
purification also is present itself a complicated task which requires a detailed control and even then, the
control of the polymers is extremely challenging. A number of glatiramoids was observed being active

against EAE, some of them even exhibited cell toxicity.[2%40]

1.6.1 Glatopa
Glatiramer acetate is a chemically synthesized drug, hence for its generics there is a list of requirements

for FDA approval. Active ingredients must be shown to be the same with the same dosage form,
concentration, and bioequivalence as that of the approved drug. If the generics are therapeutically
equivalent to the approved drug, then the need for the clinical trials can be avoided through an abbreviated
new drug application (ANDA). Generic drug applications are named “abbreviated” because they are
generally not required to include preclinical and clinical data to establish safety and effectiveness. Instead,
generic applicants must scientifically demonstrate that their products are equivalent chemically and

perform in the same manner as the innovator drug.[%]

GA is described as a complex mixture of amino acid copolymers, however it was eligible for approval
via the abbreviated new drug application (ANDA) pathway. In 2015, the FDA approved the first generic
version of glatiramer acetate, Glatopa, as an aqueous solution of the Copaxone in 20 mg/mL dosage form.
It is a challenge to provide a definitive characterization of GA, but in combination with analytical
quantitative analysis methods and a well-controlled, robust manufacturing process allowed to demonstrate

the equivalence between Glatopa and Copaxone.
Four criteria had to be met to establish the equivalence of Glatopa and Copaxone:

1. Using the same starting materials and basic chemical steps (i.e., polymerization; depolymerization

and deprotection; purification).

2. Structural signatures for each step during the synthesis, control of the amino acid ratio during

polymerization, depolymerization and purification.

3. Analysis of the physicochemical properties includes amino acid composition, molecular weight

distribution and spectroscopic fingerprints.
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4. Biological and immunological properties are evaluated by a number of assays including antigen-

presenting cell function, T-cell proliferation, B-cell biology, antibody response.

Additionally, to those mentioned criteria, other biological evaluation such as genes expression profiles
and cytokine secretion were equal for Copaxone and Glatopa. However, 20-mg/mL version of Glatopa
has been approved, 40-mg/mL dosage is still only available by Copaxone. Most likely it will change in

the nearest future together with more generics coming to the market.

1.6.2. Star-shaped GA (sGA)
The only one known attempt to improve the performance of GA was demonstrated just

recently.[Y] Authors took a challenge to improve its fast degradation and clearance. The rapid hydrolysis
occurring at the place of injection into amino acids and oligopeptides at the injection site within 1 h after

injection. To solve that problem, it was proposed to change the structure.
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Figure 1.7. Synthesis of sGA and GA. (A) Synthetic routes to sGA and GA. a DCM or DMF, room
temperature, 2 h or overnight. b HBr, TFA, 0 °C, 1 h. (B) Schematic illustration of spherical, star-shaped

SGA and linear GA. Picture is taken from Song et al. [4!]

The synthesis was similar to GA where N-carboxyanhydride (NCA) monomers were used. In case
of the star-shaped GA the polymerization was conducted with poly(amidoamine) (PAMAM) 3™
generation as the initiator. Each PAMAM initiator contains 32 primary amine groups, which allows to
generate a three-dimensional space, to form a star-shaped GA (Figure 1.7.). Even though the structure
was different from linear GA, the secondary structure remains similar to GA (Figure 1.8.-a). Dynamic
light scattering (DLS) analysis showed the size for both GA and sGA. sGA (98.4 nm) was much larger in
size than GA (10.7 nm) (Figure 1.8.-b).
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Figure 1.8. Characterization of SGA and GA. (A) Normalized GPC-light scattering trace of polypeptide
precursors of SGA and GA. (B) CD spectra of sGA and GA in an aqueous solution. Picture taken from

Song et al. [44]

This modification using PAMAM as an initiator allowed to obtain a GA derivative with a higher-
ordered architecture. The modification resulted in increased density of its functional groups together with
increased size of the final structure. Summarily, this is an improvement of its effect on immune cells by

boosting its ability to bind cell surface molecules and cause greater internalization capacity.

Accordingly, the authors report in the article that sSGA exhibits higher performance than linear GA
in treatment of EAE. One injection of sGA at 2 days post-immunization at 10 mg/kg almost completely
suppressed EAE symptoms (Figure 1.8. a). Addititonally, two injections of GA 10 mg/kg at 2- and 5-day

post-immunization did not show significant suppression of EAE symptoms (Figure 1.9.)
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Figure 1.9. In vivo therapeutic efficacy of SGA and GA treatment in EAE mice. (A) 6-8-week-old C57BL/6
mice were induced with EAE and treated with either SGA at 2 dpi (single injection,n= 4) or GA at 2 and
5 dpi (two injections=5)at10mgkg—1. The EAE behavioral score was monitored daily from 0 to 27 dpi
for neurologic signs. *p< 0.05, two-tailed unpaired Student’s t-test from 13 to 27 dpi. Picture taken from

Song et al. [
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Overall, this precedent demonstrates significant improvements in effectiveness in treating EAE
together with its improved stability toward degradation. At the same time, the problem of having a mixture
of different structures remains unsolved and even becomes more complicated compared to linear GA.

Those difficulties do not help either to solve mechanistic problems, or to simplify the synthesis.

1.7. In vitro model for GA

The classical way for drug discovery is to start from in vitro models using immortalized cell lines.
Since the action of GA was discovered on the EAE model, most of the research use that model for the
discovery of properties of the investigational drug. Another popular approach is using blood of MS
patient’s ex vivo which allows to observe the difference with the treatment and in its absence.

MS is a complex disease including many pathological processes running in parallel and interacting
with each other. Hence, there is no standard in vitro assay for activity against MS, as it exists for cancer
research or many others similar diseases. In case of MS, every drug has a particular mechanism of action,
and it is important to investigate every mechanism and find an in vitro model specifically. For instance,
the working in vitro model for GA would not work for DMF treatment or vice versa. Since GA is primarily

affecting APC, measuring levels of different cytokines is a common method to assess the activity.

1.7.1. IL-1Ra secretion on primary human monocytes in response on GA treatment

One of the in vitro models for GA activity was proposed by checking the secretion of the IL-1Ra
(receptor antagonist) for both monocytes of the healthy donors and MS patients. IL-1Ra is a natural
inhibitor of IL-1pB, the pro-inflammatory cytokine, which plays a major role in the development of
inflammation. IL-1B can be secreted due to bacterial infection or via T cell activation and plays a
significant role in the EAE pathogenesis. IL-1Ra binds to the same receptor as IL-1B, but without
triggering a signal and is considered an important regulator of the overall immune response mediated by
IL-1 family (Figure 1.20.).
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Figure 1.20. Model of how GA activates PI3Kd/Akt and MEK/ERK pathways to induce slL-1Ra
production. GA is recognized by a receptor (cell surface) or a sensor (inside the cell) that transduces
signal via activation of both the PI13Kd/Akt and MEK/ERK pathways. The two pathways then converge to

phosphorylate/inactivate GSK3, resulting in the induction of sIL-1Ra production in monocytes.

Previous studies showed, that GA signals through two parallel pathways, PI3K&/Akt and
MEK/ERK cascades, which results in phosphorylation of GSK3o/f and induction of IL-1Ra

production.[#?]

GA affects both IL-1b and IL-1Ra on monocytes in chronic/sterile (via T cell activation) and
acute/infectious (via LPS stimulation) inflammatory conditions (Figure 1.21.). The secretion of IL-1Ra
was significantly increased in response on GA treatment, in presence of both stimuli — LPS and isolated
T cell membrane and in neutral conditions. At the same time, expression of IL-1b was decreased in case

of T cell activation, however in presence of LPS it remained high.
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Figurel.21. Regulation of IL-/8 and sIL-1Ra in human monocytes by GA treatment. (A) Monocytes were
activated with the indicated dose of GA. After 48 h, supernatants were harvested and the production of
IL-18 (open circles) and sIL-1Ra (filled circles) were measured in triplicate wells and represented as
mean = SD. Results are representative of 3 different experiments. (B) Monocytes were preincubated for
1 h with or without 25 ug/mL GA and then cultured for 48 h in the presence or absence of CEsHUT (1
ug/mL) or LPS (100 ng/mL). (C) Monocytes were preincubated for 1 h with or without 25 ug/mL GA and
then cultured for 48 h in the presence or absence of CEsHUT (6 ug/mL) or LPS (100 ng/mL). Figure

taken from Burger et al. [l

To prove that IL-1Ra is affected in EAE model, mice were threated either with GA or PBS as a
control. At the peak of disease development, mouse sera were analyzed for presence of IL-1Ra. Inthreated

mice IL-1Ra was significantly higher compared to controls (Figure 1.22.).
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Figure 1.22. sIL-1Ra levels are elevated in sera of EAE mice treated with GA. (A) GA ameliorates EAE.
C57BL/6 mice were injected s.c. daily with GA (150 ug) or vehicle (PBS solution) 7 d before immunization
with 10 ug myelin oligodendrocyte glycoprotein 35-55 peptide day post-immunization (dpi). (B) EAE
mice treated (GA) or not (vehicle) were sacrificed at disease peak and their serum analyzed for IL-15 and

slL-1Ra content. Figure taken from Burger et al.[*’]

IL-1Ra is a potent regulator of the IL-1 family and considering its ability to penetrate the BBB,
can reduce inflammation in both systemic and CNS compartments. Finally, discovery of two parallel
pathways which result in the induction of IL-1Ra suggests the existence of a specific receptor for GA in

monocytes.

1.7.2. Other cytokines modulation

Glatiramer is known to affect all types of APC cells and switch their activation towards M2 anti-
inflammatory phenotype. Dendritic cells are the most potent APC and play a key role in the activation of
Th cells either towards Thl inflammatory or Th2 anti-inflammatory subsets. GA influences cytokine
regulation on DCs. It has shown that for both DC of the healthy donors and MS patients the levels of
secreted IL-10 are enhanced (Figure 1.23.). At the same time, levels of IL-12 were reduced. IL-10 is an
anti-inflammatory immunoregulatory cytokine which downregulates development of the Thl cells and
inhibits synthesis of pro-inflammatory cytokines such as TNF-a, IFN-y, IL-2 and IL-3. Upregulation of
IL-10 serves as evidence of anti-inflammatory phenotype. Conversely, I1L-12 induces inflammation and
promotes Th1l differentiation. Similar properties of GA to induce IL-10 on DC and macrophages were

observed in rats (Figure 1.23.).[3%]
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Figure 1.23. Effects of INF-5 and GA on cytokine production on dendritic cells of MS patients and heathy

donors after 7 days of incubation. Results are shown as the mean = S.E.M. Figure taken from Weber et
al.[38l]

Not only the expression of anti-inflammatory cytokines plays an important role, but also inhibition
of the secretion of the pro-inflammatory cytokines. It was shown that GA inhibits expression of the TNF-
a in response to different concentrations of LPS (Figure 1.24.). This finding suggests that APCs may be
the primary target for GA- mediated immune modulation. Monocytes have been observed to react less
towards LPS stimulation and induce less signalling lymphocyte activation molecule (SLAM) presentation
such as CD25 and CD69.
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Figure 1.24. GA-mediated inhibition of LPS stimulated monocyte responses in vitro. (4) Monocyte’s
reactivity was measured as LPS-induced TNF-a production by Elispot assay. (B) Monocyte’s reactivity

was measured as LPS-induced SLAM.). Picture is taken from Weber et al. [3¢]

Similar effect to LPS stimulation has been observed for several of different TLR-2 (LTA —
lipoteichoic acid and PNG - peptidoglycan), TLR-4 (LPS), TLR-5 (flagellin) ligands and inflammatory
cytokines (GM-CSF — granulocyte-monocyte colony-stimulating factor, IFN-y). GA consistently reduced
the release of TNF-a for both TLR-stimulated (87% inhibition) and GM-CSF and IFN-y -stimulated (47%
inhibition) monocytes. (Figure 1.25).
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Figure 1.25. GA-mediated inhibition of monocyte responses simulated with different TLR ligands (LTA,
PGN and flagellin) or inflammatory cytokines (GM-CSF, IFN-y). Monocyte activity was measured as
TNF-a by Elispot assay. Figure from Weber et al.[%]

1.7.3. Surface markers expression and M1/M2 differentiation

Not only the secreted cytokines, but also up- and downregulation of some specific surface markers
can indicate the activation state of the APC and its phenotypical shift. Monocytes express a variety of
different receptors, such as CD14, CD11b, CCR2, CD16, CD68, CD206. Depending on the environment,

such as different cytokines or stimuli, cells have tendency to regulate the markers accordingly.

CD14 is the most expressed glycoprotein, which serves as an indirect receptor for complexes of
LPS. Being highly present on monocytes, it often serves as a marker for monocytes/macrophages. CD14
plays a protective role against bacterial infections, the upregulation of the receptor can be caused by
inflammatory activation. At the same time, treatment with anti-inflammatory cytokines leads to
downregulation. It has been shown, that IL-4, as an anti-inflammatory cytokine not only inhibits secretion
of IL-1 and TNF-a, but also downregulates CD14 secretion.[

Another highly expressed receptor CD16 is a low affinity 1gG receptor, which is also crucially
involved in phagocytosis.[**] Phagocytosis is an important step in the destruction of pathogens. It also
promotes an inflammatory response in myeloid cells and induces cytokine expression or inflammasome
activation. Downregulation of CD16 has beenobserved previously in response to treatment of monocytes

with acetyl salicylic acid and n-butyrate.[*647]

Recruitment of monocytes at inflammation sites is regulated by chemokines. Monocyte
chemoattractant proteins (MCPs) activate inflammation of monocytes through activation of their cognate
receptor, CC chemokine receptor 2 (CCR2). Recent studies have demonstrated, that expression of CCR2
is affected by inflammatory stimuli and is sufficiently upregulated by proinflammatory cytokines, growth
factors such as granulocyte-macrophage colony-stimulating factor, macrophage colony-stimulating
factor, and MCP-1 itself.[*?]
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Human leukocyte antigen-DR (HLA-DR) is involved in antigen presentation of antigens to
adaptive immune system cells, particularly T cells. Monocytes that have lower levels of HLA-DR
expression, are considered important mediators of immunosuppression. It was shown, that those
monocytes which downregulate HLA-DR expression, convert from an inflammatory to an anti-
inflammatory phenotype.[*! Interestingly, even though GA has high affinity to MHC II, on mature

dendritic cells of MS patients, GA shows decreased HLA-DR expression.[50511

CD206, a mannose receptor, is mostly expressed on the surface of macrophages and dendritic
cells. CD206 is widely recognized as a representative M2 marker.[52%31 This finding supports the previous
report that CD206 was significantly increased on M2-polarized monocytes. Opposite, CD206 was
reduced if these cells had M1 phenotype.[®*]

CD68 is well known as a surface marker, specific for myeloid cells, especially highly expressed
in macrophages. CD68 is a glycosylated transmembrane glycoprotein. The function of CD68 is not well
understood. It is known, that its preferential location within late endosomes suggests about its role in
peptide transport/antigen processing.>>%¢1 CD68 belongs to the receptors which are expressed due to
activation of the monocytes and macrophages, however it has been shown to be downregulated in
response to treatment with infliximab. Infliximab is a chimeric monoclonal antibody against tumour
necrosis factor and induces M2 immunosuppressive macrophages. Infliximab is used for treatment of

autoimmune inflammatory diseases, such as Crohn's disease (CD) and ulcerative colitis (UC).5]

1.8. Anti-inflammatory peptides and dendrimers

There are no analogs which with action patterns to GA. Several examples of peptides and peptide
dendrimers exhibiting anti-inflammatory properties bringing a potential to cure autoimmune based

diseases have been reported.

1.8.1. Anti-inflammatory peptides

Many peptides are known to exhibit anti-inflammatory properties, modulate EAE and in MS
treatment, induce neuroprotective properties. The polarization, which occurs in response to treatment is
triggered by different mechanisms, at the same time there are no known analogs of GA sharing the
structure features and similar mechanism. A variety of different peptides is known to have cyclic structure,
mimic myelin proteins or were achieved by computational docking to have specific protein—protein
interactions (Table 1.1.). Several peptides have been discovered as anti-microbial peptides, having at the
same time anti-inflammatory properties, hence it is a popular combination.[®®-% To expose anti-microbial
properties peptides are often positively charged, to increase interaction with the negatively charged

bacterial surfaces. Alternatively, they have a higher ability to penetrate cell membrane better or expose
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higher affinity to a cell membrane. Intracellular uptake can be achieved by coupling to a carrier system —

liposomes or protein transduction domain.

Table 1.1. Sequences of the anti-inflammatory peptides and their mechanism of action.

Name Sequence Activity
Suppressor of
Cytokine Inhibition of Janus kinase,
Signaling DTHFRTFRSHSDYRRI active towards Autoimmune
proteins encephalitis
(SOCS)

Upregulation of M2
Chromofungin RILSILRHONLLKELQDLAL macrophages, inhibits TLR 4
and NF-«xB signaling
Inhibitor of IL-15 receptor,

[l?-[i] dP68 KVTAMTCFLL active towards Rheumatoid
pep Anrthritis

|
Cyclotide ! ! ! L | Inhibits T cells proliferation

GLPVCGETCVGGTCNTPGCTCSWPVCTRN

Suppressor of cytokine signaling proteins (SOCS) are known to prevent LPS activation and on
APC together with inhibition of NO, interleukins, and TNF-oa. The mechanism of action is related to
regulation of the Janus kinase (JAK)/signal transducer of activation (STAT) pathway by reducing the
phosphorylation of JAKs and STATSs.[61]

Chromofurgin is a shorter fragment of Chromogranin-A, is a natural protein, secreted by
neuroendocrine cells to regulate intestinal inflammation and immune dysregulation. Cromofurgin
exhibited activity towards Crohn’s disease and ulcerative colitis, which is caused by abnormal immune
response within the intestinal wall is directed against luminal bacterial antigens inducing intestinal tissue
damage. 2 Cromofurgin suppresses the pro-inflammatory macrophages by inhibition of Toll-like
receptor 4/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB) signaling, which results
in reduced levels of 1L-8 and leads to expression of IL-10 and TGFp1, causing the repair of tight junction
(TJ) and the recovery of the IECs (intestinal epithelial cells) homeostasis.®!

Peptides can be structurally modified to fulfil certain properties such as inhibition of inflammatory
cytokines. IL-15 is an inflammatory cytokine which is prevalent in the development of autoimmune
disorders as MS and rheumatoid arthritis (RA). An antagonist of IL-15, [K6T]P8 peptide has been
discovered by screening of IL-15 fragments. The short sequence **KVTAMKCFLL*® was binding the IL-
15 receptor but did not trigger a signal.[5

Cyclotides are a group of peptides which can be produced ribosomal and characterized by cyclic

topology. This structure leads to an unique biological activity and significantly increased stability.
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Cyclotide [T20K] kalata B1 expresses an activity towards T cell regulation and inhibiting IL-2 biology,

causing proliferation inhibiting and reducing IFN-y and TNF-o. production.[656°]
1.8.2. Dendrimers

Dendrimers are highly ordered and repetitively branched molecules, composed of a group of
branched monomers. Dendrimers consist of different layers, which are termed generations and branching
points. Generally, the core is termed as generation 0, and while increasing the number of branching points
the number of generations grows accordingly.[67 68l

Dendrimers can be synthetized in two different approaches: convergent and divergent. The
convergent way was proposed in 1989 by Hawker and Frechet. [%°1 The dendritic fragments are obtained
by starting from the periphery and finishing on the core (Figure 1.26.). The advantage of the convergent
approach is in the control over the nature of the core.

In the divergent approach the growth is initiated at the core and progresses towards periphery
(Figure 1.26.). "% A characteristic of the divergent growth approach is that the number of terminal

functional groups follows a strict geometrical progression and was described by Tomalia in 1894.1%72]
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Figure 1.26. Convergent and divergent ways for synthesis of dendrimers. Figure taken from Pearson et
al.l’?l
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1.8.3. Anti-inflammatory dendrimers
PAMAM dendrimers are known to exhibit inti-inflammatory properties towards inhibition of
LPS-induced nitric oxide (NO) and cyclo-oxygenase 2 (COX-2) activity (Figure 1.27.).747¢]
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Figure 1.27. Representative structure of protonated, generation 3.5 PAMAM dendrimer glucosamine.

Picture taken from Park et al.[’"]

PAMAM dendrimers are highly symmetrical macromolecules exhibiting very systematic
nanoscale diameter enhancements as a function of generation (1-10; ~1-12 nm). PAMAM dendrimers
are often used as delivery agents for poorly soluble drugs and opens the possibilities for genes delivery.
High surface functionality allows to design the carrier depending on each requirement being useful for

both passive and receptor mediated targeting.[®-¢!

Anti-inflammatory activity of PAMAM dendrimers was a serendipitous discovery, while the
dendrimer was used to increase solubility of the indomethacin by utilizing known PAMAM dendrimer
encapsulation and complexation properties for sustained release/targeting of indomethacin. Later it was

noticed that PAMAM on its own was exhibiting higher activity than the poorly soluble indomethacin.

Another example of anti-inflammatory modulators is azabisphosphonate (ABP) dendrimers

(Figure 1.29.). Compared to PAMAM dendrimers, ABP present a group of anionic dendrimers, however,
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are also used in drug encapsulation. Human monocytes have been shown to be activated by phosphonic-
capped dendrimers, which has been confirmed by morphological and phenotypical changes (Figure
1.28.).[81’82]

Figure 1.28. Representative structure of acid azabisphosphonic-capped, phosphorus-containing

dendrimer. Picture taken from Degboé et al., 2014 [¢°]

Anti-inflammatory phenotypical shift on primary human monocytes has been confirmed by qRT-
PCR where expression of proinflammatory cytokines was diminished, and the cytokines of an alternative

activation were upregulated compared to untreated control (Figure 1.27.).[¢]
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Figure 1.29. Representative gqRT-PCR quantification of mRNA expression for nine selected genes on
human monocytes in response on treatment with acid azabisphosphonic-capped, phosphorus-containing
dendrimer (structure is shown above). Expression was normalised to the GAPDH mRNA. Data are

expressed as mean + SD from six independent experiments. Figure from Fruchon et al. (4]
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While both dendrimers expose strong evidence of M2 phenotype shift of the immune cells, the
mechanism of activation towards anti-inflammatory response is not clear for both cationic and anionic

dendrimers.

1.9. Conclusion

In the current review we discussed the pathogenesis of the MS, the pathway of the development
of the disease. Here we observed the current issues of the MS treatment and its main drugs, which are
available at the market. Giving an historical review on the GA discovery, we describe how the Glatiramer
was discovered and explain why there is a difficulty identifying an in vitro model for the activity testing
not only for GA, but also in general for the MS.

Next, we discuss the current manufacture process of the GA and its difficulties, leading to the lack
of the generics at the market. After looking into the mechanism of action of the GA, we observe the
available in vitro models for the GA and its properties in the modulation of the inflammation on primary
blood cells. We discuss the difference in the response of the different donors on the treatment with GA,

which we have observed later while conducting our experiments.

Then, we bring into the discussion several anti-inflammatory peptides and peptide dendrimers,

showing the findings of the other groups about their properties and their biological action.

Considering the complicity of the given task to prepare a well-define molecule with the size range
of GA and the similar amino acid composition in the next chapter we discuss in the details all the

methodological findings we had to perform to be able to achieve our goals in the post efficient way.
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Overview of the thesis

The aim of the thesis is to find peptide dendrimers with anti-inflammatory properties similar to
Glatiramer acetate, the blockbuster drug for MS treatment. Here we discuss the pathogenesis of MS, its
mechanism of action and the most popular drugs for its treatment and investigate their action. Since there
are only a few analogs have been published, we look in details on the complex manufacture process of
GA synthesis and in vitro model. Here we also report peptide and peptide dendrimers with anti-

inflammatory characteristics, which can serve as a reference point in building our peptide dendrimers.

To access the library of peptide dendrimers and their fluorescently labelled analogs, we describe
our optimisation findings in the methods. Nevertheless, the Solid Phase Peptide Synthesis (SPPS) is well
optimised, the size limitations of the required more optimisation of the synthesis and careful design of the
experiments. To evaluate the activity of the dendrimers we focused on the in vitro model requiring
primary blood cells of healthy donors, specifically monocytes. Here we explain in detail how the selection
of the extraction conditions worked. Then, we describe in detail the blood separation techniques and
discuss which are the best suited to fulfil the limitations of the experiments. Then we explain how the

libraries of peptide dendrimers were generated and the visualisation using TMAR was achieved.

In this thesis we report 89 peptides and peptide dendrimers tested for anti-inflammatory activity.
Initially, we discovered two active dendrimers 32 and 34 exhibiting the anti-inflammatory properties. In
order to investigate the Structure Activity Relationship (SAR), we created a library of analogs of the

active dendrimers and their fluorophore conjugates.

To investigate better the biological action, the performed a detailed biological evaluation of our
dendrimers on the cells of adaptive and innate immunity. Here we describe the affinity of the fluorescently
labelled dendrimers within a cell and to the different types of white blood cells. We observed the donor
specificity in response on treatment with both GA and our dendrimers. Finally, the multicolor flow
cytometry and immunostaining experiments indicated the difference in the action of our dendrimers and
GA.
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2. Methods

To assess and confirm the immunomodulatory properties of GA on primary blood cells but with
chemically define peptide dendrimers, we demonstrate a range of different synthetic and biological

experiments, which are explained below with detailed procedures present in the experimental part.

2.1. Solid phase synthesis of peptide dendrimers

The Fmoc-SPPS strategy for peptide synthesis is the most reliable and efficient technique, which
allows to achieve reliably any type of peptides avoiding multiple purifications. In our research group, we
employed SPPS not only for the linear peptide synthesis, but also to obtain peptide dendrimers (Scheme
2.1). Having lysine as a branching point and expanding symmetrical branches, a broad range of different

structural properties can be achieved.
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Scheme 2.1. General scheme of solid-phase synthesis of peptide dendrimers. I Fmoc-Deprotection:
piperidine/DMF (1:4, v/v). 1l Coupling: 5eg/coupling-site Fmoc-amino acid, 5eg/coupling-site Oxyma,
and 5eqg/coupling-site DIC in DMF. I11 Cleavage: TFA (94%), TIS (1%), H20 (2.5%), EDT (2.5%). After
peptide dendrimers were lyophilized and purified by preparative RP-HPLC. In all cases, yields are

calculated for the corresponding TFA salts.

Peptide dendrimers showed activity as antimicrobial agents, siRNA and DNA transfection
reagents and are interesting molecules to explore anti-inflammatory properties. Synthesis starts with
attaching to the resin bead an indicial amino acid at the C-terminus using standard coupling conditions.
Depending on the resin choice C-terminus can variate between acid (Wang resin) and amide (TentaGel,
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Rink amide resin) groups. Another parameter, which is important to consider while planning synthesis,
is the size of the beads and the loading. The size usually variates in the range of 75-150 um (100-200
mesh) and 37-75 um (200-400 mesh). The beads size does not affect synthesis, and normally variates
depending on the need for further usage (sequencing and so on). The most relevant factor for the synthesis
is the loading of the resin, normally for the short sequences (up to 10 residues) can be used resin with the
loading 1.00 mmol/g, however if the targeted peptides are longer or have branches as in case of peptide

dendrimers, the preference for the resin loading should shift to 0.2-0.35 mmol/g.

The amino acids are attached using the standard peptide coupling procedure and the Fmoc-
protecting groups were removed under mild basic conditions without affecting orthogonal protective

groups of the side chains.

Following the straightforward strategy, alternating the deprotection and coupling conditions the
longer sequences can be reached. After switching to higher generations by branching the dendrimers, the
numbers of couplings and deprotection rounds must be increased accordingly: two for G1, three for G2
and from three and four to five for G3 depending on the length and the sequence. Once the desired
sequence is achieved, the cleavage mixture is applied to remove the acid-labile protective groups of the
side chains and the peptide from the resin. After the cleavage, peptide dendrimers are precipitated in cold
ether via centrifugation to remove the excess of TFA, and purified by preparative RP-HPLC and

characterized by analytical LCMS and MS.

2.2. Coupling of peptide dendrimers in solution

2.2.1 Fluorophore labelled peptide dendrimers

There is a variety of methods to attach a fluorophore group on a peptide dendrimer: using alloc-
protected groups of the side chains of lysine. That method is a convenient way to attach a fluorophore
without changing the structure, since alloc-group can be selectively deprotected. Another widely used
method is introducing a cysteine residue to attach a fluorophore. The thiol group is a strong nucleophile,
which allows to proceed with attachment in the solution with unprotected peptide in an extremely

selective manner in presence of a week base. (Scheme 2.2).
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Scheme 2.2. Synthesis of fluorophore containing peptide dendrimers. 1eq of a peptide dendrimer in H>O,
NH4sHCOs pH 8, l.leq of fluorescein diacetate 5-maleimide (FI) (a) or 7-Diethylamino-3-(4-
maleimidophenyl)-4-methylcoumarin (Coum) (b) were dissolved in acetonitrile and added to the
dendrimer solution. Reaction stirred at RT for 2 h, lyophilized and purified by preparative HPLC. Yields
are given for the coupling step. In all cases, yields are calculated for the corresponding TFA salts.

The advantage of the method is that using already purified peptide dendrimers, which allows to
obtain a desired labeled dendrimer via fast analytical RP-HPLC. To avoid the formation of dimers via
disulfide bond formation is preferred to conduct that reaction under inert atmosphere.

2.2.2 Dimerization of peptide dendrimers

Disulfide bridges are commonly present in the nature and play an important role stabilizing the
secondary structure of the proteins. Here we used disulfide bond formation as an easy method to connect
two peptide dendrimers in order to achieve higher molecular weight. This reaction occurs in presence of
oxygen of air in slightly basic conditions, connecting the thiol groups of cysteines. Depending on the
structural properties the formation of the bond can take from 12 to 36 h under reflux at room temperature
(Scheme 2.3).
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fragments of dendrimer

Scheme 2.3. Synthesis of disulphide containing peptide dendrimers. Peptide dendrimer (2 eq., 10-20 mg)
was solubilized NHsHCO3 (50 mM) solution. Then, reaction stirred for 24 h.
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2.3. Primary cells extraction

2.3.1 PBMC extraction via density gradient centrifugation

Anticoagulant-treated blood was obtained from Interregional Blood Transfusion SCR Ltd. Bern
in blood bags 45 mL each. In accordance with the ethical committee of the Interregionale Blutspende
SRK AG the blood was obtained from the healthy donors, who are thus informed that part of their blood
will be used for research purposes. In order to have the most reliable results, the blood samples were
distributed before the tasting on presence of pathogens and had to be treated in biosafety level 2 lab. Since
the blood could be contagious, the samples had to be treated in another hood and incubated in an empty
incubator to avoid contamination of immortalised cell cultures. After the experiments, the environment
had to be properly cleaned and all the materials had to be discarded accordingly. Blood was diluted twice
with HBSS and carefully overlayed on 20 mL of the Ficoll-Paque PLUS medium (1.077 g/ml). After
centrifugation (400xg, 30 min, 20 °C) buffy coat at the interface was collected, washed with 40 mL of
RPMA-1640 supplemented with 10% heat-inactivated FBS, 50 g/mL streptomycin, 50 U/mL penicillin,
2 mM glutamine, (RPMI supplemented). After centrifugation (200xg, 7 min, 20 °C) sedimented cells
were diluted with RPMI-1640 supplemented and overlayed for second time over 20 mL of the Ficoll-
Paque PLUS medium and centrifuged at the same conditions. PBMC collected from the interface were

washed 3 times with supplemented RPMI (Figure 2.1).

. Platelet
~ Plasma

PBMC
/

Ficoll
Granulocytes

RBC

Figure 2.1 Ficoll gradient before (on the left) and after (on the right) centrifugation.
To avoid he activation of the PBMCs, only heat inactivated serum was used and the long storage

of the cells at room temperature should be avoided, it is preferred to keep cells on ice.

Depending on the donor, after the set of centrifugations pellets can still remain among isolated
PBMC. For that reason, after isolation, cells have to be carefully analyzed and counted by light

microscope. Platelets (thrombocytes) normally do not interfere with an immune response, but the further
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purification (especially via magnetic labelling) cannot be achieved successfully and the noise level for
some assays can be increased. To eliminate the excess of the platelets, extra centrifugations (150-200xg,
7 min, 20 °C) can be conducted, which would cause a loss of some desired cells, but give the cleaner

response.

PBMCs are the mixed population and includes myeloid and lymphoid cells. The myeloid cells
include monocytes, dendritic cells and macrophages. Lymphoid cells include B, T cells and NK Cells.
The myeloid cells are responsible for innate immunity and the first defence line of the organism and the
most reactive once to trigger the immune response via cell-cell interactions or secreted cytokines. Those

signals trigger the further cascade of the responses of the adaptive immunity.

Depending on the purposes and the required purity two methods of extraction of monocytes has
been used. For the initial screening with ELISA for secreted IL-1Ra only pure monocytes were used to
obtain the cleanest results. For that reason, the magnetic labeling (negative selection) is the best solution
which provides the untouched and not activated monocytes. The disadvantage of that method is that the
number of the monocytes which could be archived is limited and the purification itself is time and cost
demanding.

In case of an experiment demands a big number of cells (such as qRT-PCR) the magnetic labelling
cannot satisfy with its outcome, however Percoll centrifugation can provide a higher amounts of monocyte
enriched fraction.

2.3.2. Monocytes purification using magnetic beads and labelling Isolation KITII

Monocytes were purified from whole PBMC by negative selection, all procedures were carried
out according to manufacturer protocols. Briefly, the non-monocytes were labeled with a cocktail of
biotin-conjugated monoclonal antibodies as a primary labeling reagent (Figure 2.2.). Then as a secondary
labeling reagent were used anti-biotin microbeads. The mixture was run through the MACS column
(MACS, Miltenyi Biotech) in the magnetic field of a MACS Separator (MACS, Miltenyi Biotech). In this
case, non-monocytes are retained in the column and the unlabeled monocytes pass through the column.
The purity of the monocytes was checked by fluorescent microscopy counterstaining with CD14-FITC.
In the same way, the presence of the non-monocytes can be verified by staining with fluorochrome-
conjugated anti-biotin antibody (Anti-Biotin-PE, AntiBiotin-APC).
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Figure 2.2 General scheme of the negative selection with magnetically labelled antibodies (left).

Extraction of untouched monocytes via filtration through magnetic field (right).

2.3.3. Monocyte’s enrichment using Percoll gradient centrifugation

Monocytes enriched fraction was obtained from PBMC by hyper-osmotic Percoll solution®,
Briefly, for 100 mL of solution, 48.5 mL of Percoll, 41.5 mL of water and 10.0 mL of 1.6 M NaCl were
mixed. 150-200x108cells were overlayed over 10 mL of density medium and centrifuged at 580 g for 15

min. Cells at the interface were collected and washed 2 times with RPMI supplemented.

2.3.4. Accessing cells survival by AlamarBlue

To quantitatively measure the survival of the PBMCs in response on the treatment resazurin-based
solution was used. Resazurin is a blue dye which is not toxic to the cells. After the penetration of the
living organisms, it reacts with NADH/H* and giving NAD*/H20 is reduced to resorufin, which is
fluorescent and can be measured. That method is commonly used for measuring cell viability, however
since PBMC do not divide in the chosen conditions, that assay still can be applied due to normal metabolic
activity. Since cells do not multiply, the number of cells per experiment and the time of incubation have
to be chosen correctly. PBMCs include different types of cells which in the most cases to not attach to

the bottom of the plate, washing steps were avoided and AlamarBlue was added directly.

2.4. Peptide libraries generation

A linear peptide library, a second-generation dendrimers library, and a third-generation
dendrimers library of 50,000 sequences were generated as follows. Three different “sequence-templates”
were used: (1) “XXXXXXXXXX” for the linear peptides, (i1) “XXXXXBXXXXXBXXXXX” for the
second-generation dendrimers, and (iii) “XXXXXBXXXXXBXXXXXBXXXXX” for the third-
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generation dendrimers, where X was a Lys, Ala, Tyr, or a Glu position, B was a branching lysine position,
and the latter marked a doubling of the peptide chain. In all cases, the four amino acids had an equal
probability of being picked in their respective positions. To allow sequences of different lengths, X
positions were also allowed to be empty with a probability of 50%. Then, to assess the difference in
composition of a peptide from Glatiramer, we counted the number of Tyr (Y), Glu (E), Ala (A), and the
non-branching Lys (K). Then we considered the number of Tyr as unit, and we calculated the ratio relative
to Tyr of the other three amino acids. Next, for each amino acid, we calculated the absolute value of the
difference between its relative ratio and the relative ratio of the same amino acid in Glatiramer. Finally,
we summed the four values, and we obtain the difference in composition (DC, Equation 1) from

Glatiramer of the peptide.

b AKEY
W_[Y’Y’Y’Y
Gyr = [4.2,3.4,14,1.0]

bt = Zi |Gyri = Pyril (Equation 1)

The three libraries were filtered based on their calculated composition, and only sequences with a
DC from Glatiramer lower than ten were kept. For each of the three libraries, the filtered sequences were
clustered in 500 k-means clusters using Scikit-learn,1 and the head of the cluster was picked. The
procedure resulted in 500 linear 10-mer peptides, 500 second-generation dendrimers of linear sequence
length spanning from 13 to 17, and 500 third-generation dendrimers of linear length spanning from 17 to
24. 3 linear peptides, 19 second-generation dendrimers, and 1 third-generation dendrimers were manually

picked for synthesis.
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3. Design of the initial library and the screening for
biological activity

3.1 Introduction

Glatiramer acetate (GA) is a random polypeptide of approximately 5 — 9 kDa composed of L-
alanine, L-lysine, L-glutamic acid and L-tyrosine in a 4.2/3.4/1.4/1.0 ratio approximating the composition
of myelin basic protein.[?>8687.28881 GA has been on the market since 1996 as one of the most successful
first-line treatments for multiple sclerosis (MS), a chronic autoimmune neurodegenerative disease. X089
%11 Notwithstanding the subsequent introduction of new modalities for targeting MS,[®2%%1 GA remains a
blockbuster drug.[*®! There are currently no second-generation GA drugs and only a few generics of the
original GA have been very recently introduced, probably due to the difficulty of replicating a polymeric

preparation. 8.8

Although its mechanism of action is still debated, one of the main effects of GA is to induce the
differentiation of immune cells towards an anti-inflammatory rather than a pro-inflammatory state, an
effect which can be tracked by monitoring various cell surface markers and cytokines.”¥74l In view of
the many successful applications of dendrimers®-°"! including immunomodulation,®®1%1 here we asked
the question whether a peptide dendrimer!® with a size and composition similar to GA might exhibit
GA-like effects and provide a new starting point for immunomodulation. Similar to immunomodulatory
synthetic peptidest*?>1%! and peptide dendrimers,*% we envisioned a peptide dendrimer with a precise
amino acid sequence prepared by solid-phase peptide synthesis.'®®11% As detailed below, these

investigations led us to discover the immunomodulatory peptide dendrimer 32 (Figure 3.1).
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Figure 3.1. Synthesis and structural formula of peptide dendrimer 32. SPPS conditions: (a) 20% v/v
piperidine in DMF, 5 min, 50 °C twice; (b) Fmoc-amino acid (5 eq./coupling site), Oxyma (7.5 equiv),
DIC (10 eq.) in DMF, 15 min, 50 °C; (c) TFA/i-Pr3SiH/DODT/H20 (94:2.5:2.5:1), 4 h at room
temperature.
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As an activity screen we focused on interleukin-1 receptor antagonist (IL-1Ra), a cytokine
released by circulating antigen presenting cells (APC) in response to GA.*241 |_-1Ra crosses the blood-
brain barrier (BBB) and is therefore a possible mediator of GA action in the CNS since GA itself does
not cross the BBB.!Y To test our dendrimers, we quantified by immunoassay the release of IL-1Ra from
human primary monocytes of healthy donors, an easily accessible type of APC, stimulated or not by
addition of lipopolysaccharide (LPS) , which in our hands provided a reliable read-out.[*¥l In the initial
screen the levels of secreted IL-1Ra remained below 1 ng/mL for all the smaller test compounds as well
as with the linear peptide analogs of GA. However, two of the largest G3 dendrimers, 32 and 34, induced

IL-1Ra release to level comparable or higher than GA.

3.2 Results and discussion

3.2.1 1*t library generation: Machine learning and manual design

To initiate our search, we selected 26 sequences from a virtual library of linear peptides and
peptide dendrimers designed to have an amino acid composition similar to GA. Briefly, linear peptide
library, a second-generation dendrimers library, and a third-generation dendrimers library of 50,000
sequences were generated. For each of the three libraries, the closest sequences to GA were chosen and
filtered. Those sequences were clustered in 500 k-means clusters using Scikit-learn, and the head of the
cluster was picked. Out of final 500 10-mer linear peptides, 500 second-generation dendrimers, 500 third-
generation dendrimers. Out of three libraries 3 linear peptides (1-3), 19 second-generation dendrimers (7-
23), and 1 third-generation peptide dendrimer (33) were manually picked for synthesis (Table 3.1., Figure
3.2.). Mainly the focus was on shorter second-generation sequences due to its good compromise between

molecular weight and synthetic accessibility, however the size of G2 is significantly smaller than GA.
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Figure 3.2. 1" library including both manually designed library and the library from the chemical space.
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To achieve the greatest diversity in term of the structure, total charge, amino acid ratio and molecular
weight, for the manual design we did not strictly follow the GA ratio. We designed 3 first-generation
peptide dendrimers (4-6), where two of them negatively charged. Considering that the previously
described peptides were not reaching the lower MW end of GA, we designed additional dendrimers with
longer sequences. 7 second-generation peptide dendrimers (24-31), 5 third-generation peptide dendrimers
(32-36). The third-generation dendrimers are the largest in the library and the molecular weight
corresponds with the lower molecular weight of the GA. The 3™ generation was designed especially to
expose the most of the positive charges of lysines. It was reported that the lysine is essential for the
activity of these polymers. Some of the dendrimers were designed to additionally contain a cysteine at

the core in order to allow for further modifications with fluorophore groups or for dimerization.

We also prepared a 30-mer and a 40-mer linear random peptide with GA-like composition. For that
we used a mixture of the amino acid in the desired ratio. All the couplings were performed at 70 °C to

minimalize the influence of the reaction rate constant for each amino acid.

In selected cases we masked N-termini by acetylation, or turned them into cysteine reactive groups by
chloroacetylation or by acylation with monoethyl fumarate to mimic the MS drug dimethyl

fumarate.[**21131 This provided in total 73 test compounds (Table 3.1.).

Table 3.1. Synthesis, structural properties, and activity of initial library.

To
ID Sequence? Yield, mg MS calc./obs.¢ t AA. ratio, Act.f
(%)° ch  E/KIAIYE
.d

1 AAKEYAAEKK-OH 30.5 (54) 1107.5924/1107.5907 0 2/3/4/1 -
Acl ACAAKEYAAEKK-OH 23.6 (44) 1149.6030/1149.6007 0 2/3/4/1 -
ClAcl CIAcCAAKEYAAEKK-OH 25.2 (46) 1183.5640/1183.5634 0 2/3/4/1 -
2 EYAAKKEKAA-OH 61.6 (55) 1107.5924/1107.5929 0 2/3/4/1 -
Ac2 ACEYAAKKEKAA-OH 50.6 (51) 1149.6030/1149.6019 0 2/3/4/1 -
ClAc2 CIACEYAAKKEKAA-OH 27.5 (50) 1183.5640/1183.5634 0 2/3/4/1 -
3 YAEKEKAKAA-OH 56.0 (54) 1107.5924/1107.5916 0 2/3/4/1 -
ClAc3 CIAcYAEKEKAKAA-OH 41.1 (56) 1183.5640/1183.5634 0 2/3/4/1 -
4 (A)2KYKACA-NH: 74.0 (40.2) 823.4474/823.4375 1 0/1/4/1 -
5 (AE).KAEYCA-NH: 59.5 (58.9) 1082.4703/1082.4696 -3 3/0/4/1 -
6 (AEE)2KAEY CA-NH2 69.6 (50) 1340.5554/1340.5552 -5 5/0/4/1 -
7 (KA)4(KAYE).KK-OH 772(35)  2053.2048/2053.2054 2 1/2.5/3/1 -
AT (ACKA)(KAYE)KK-OH 26.6(18)  2221.2471/2221.2492 2 1/2.5/3/1 -
ClAc7 (CIACKA)4(KAYE):KK-OH 106.0 (40) 2357.0912/2358.0922 2 1/2.5/3/1 -
8 (KA)4(KEYA):KKAK-OH 24.8 (20) 2252.3369/2252.3399 3 1/3/3.5/1 -
A8 (ACKA)(KEYA)KKAK-OH 108(10)  2420.3791/24203812 3 1/3/35/1 -
CIAG8  (CIACKA)(KEYA)KKAK-OH 9.3(8) 2556.2232/2556.2283 3 1/3/3.5/1 -
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9
Ac9
10
Acl0
11
Acll
ClAc11
12
Acl2
ClAc12
13
14
15
Acl5
ClAc15
Acl6
Fum16
17
Acl7
Fum17
18
19
Acl9
ClAc19
Ac20
AcCI20
Ac21
22
23
Ac23
ClAc23
24
25
ClAc26
27
27Coum
Ac28
ClAc28
29
30
31
32
Ac32
Fum32
33

(AK)s(KKYE).KAAA-OH
(ACAK)4(KKYE)KAAA-OH
(AYK)4(KE)KKAA-OH
(ACAYK)4(KE).KKAA-OH
(AKA)4(KKEY):KE-OH
(ACAKA)4(KKEY):KE-OH
(CIACAKA)4(KKEY):KE-OH
(AKA)4(KEK):KYEY-OH
(ACAKA)4(KEK)2KYEY-OH
(CIACAKA)4(KEK):KYEY-OH
(KAA)(KEKA)KEKA-NH,
(CIACK)4(KAYE):KAKYAEA-NH,)
(KYA)s(KEA)KKKA-OH
(ACKYA)4(KEA)KKKA-OH
(CIACKYA)s(KEA):KKKA-OH
(ACAKA)4(KEY)2KYKK-NH2
(FUMAKA)4(KEY):KYKK-NH2
(AKE)a(KAYA):KKKK-NHz
(ACAKE)a(KAYA):KKKK-NH;
(FUMAKE)a(KAYA)2KKKK-NH2
(K)4(KAYAEY):KAKAEYA-NH>
(KAE)4(KAEK)2KY YA-OH
(ACKAE)4(KAEK)2KYYA-OH
(CIACKAE)4(KAEK):KYYA-OH
(ACKAA)4(KY YE)2KAY-NH:
(CIACKAA)4(KYYE):KAY-NH;
(ACKAK)4(KAEY):KAEA-OH
(AKK)a(KYEK):KKEA-NHz
(AKE)4(KKAY):KYKY-NHz
(ACAKE)a(KKAY)2KYKY-NH,
(CIACAKE)(KKAY)2KYKY-NHz
(KYA)4(KAE):KAEYKCA-NH,
(KAA)(KEY):KAKEYEYA-NH2

(CIACK)«(KEAKAKEY):KAKEYEY-OH
(AK)a(KAEAKAKE)KKEYEYCA-NH
(AK),(KAEAKAKE),KKEYEYC(Coum)A-NH,
(ACKEAKY)a(KKYEA):KEKAYKA-NH
(CIACKEAKY)a(KKYEA),KEKAYKA-NH
(YAKAKE)4(KAYKAKA)KAYKKA-NH,
(KAEKAYA)4(KEKYAKA)KEKYKA-NH;
(YKAKAKY)4(KEAKAKY):KAKEYEY-OH
(KA)s(KAK)4(KEKA):KAKEAY CA-NH;
(ACKA)s(KAK)a(KEKA):KAKEAYCA-NH;
(FUmKA)s(KAK)4(KEKA)KAKEAY CA-NH>

(AKA)s(KYEK)a(KEKA)KAKY-OH

12.2 (10)
10.4 (9)
34.8 (28.4)
50.2 (28.4)
24.3 (17.6)
49.3 (31.1)
43.4 (32.3)
34.2 (26)
25.0 (21)
10.2 (8)
169.5 (49.3)
159.6 (46.1)
87.6 (39)
88.0 (43)
65.3 (31)
31.7 (49)
15.0 (23.6)
13.5 (11)
13.8 (13)
135 (11)
108.2 (43.5)
49.3 (30.0)
74.1 (34.1)
91.6 (33.8)
31.7 (30)
29.4 (26)
3.0(2)
168.3 (49.3)
25.4 (18.6)
35,6 (27.9)
8.9 (7)
127.1(29.5)
180 (41.1)
159.9 (22.8)
138 (39.1)
6.1 (55.3)
76.6 (34.3)
56.7 (24.8)
169.6 (23.4)
221 (25.6)
154(12.3)
61.9 (7.7)
53.9 (22.8)
47,6 (22.9)
23.7 (9)

2252.3369/2252.3332
2420.3791/2420.3770
2379.3315/2379.3345
2547.3315/2547.3775
2452.4166/2452.4192
2620.4588/2620.4612
2756.3029/2756.3066
2452.4166/2452.4208
2620.4588/2620.4626
2756.3029/2756.3050
2650.5646/2650.5679
2575.2079/2579.1768
2578.4635/2578.4656
2746.5058/2746.5094
2882.3499/2882.3549
2653.4956/2653.4904
2485.4533/2485.4561
2708.5701/2708.5633
2876.6124/2876.6340
3212.6969/3212.7355
2741.4905/2741.4934
2768.5072/2768.5122
2936.5495/2936.5543
3072.3936/3072.3961
2794.4694/2794.4734
2930.3135/2930.3170
2876.6488/2876.6463
2650.5646/2650.5662
2892.6225/2892.6243
3060.6648/3060.6693
3196.5059/3196.5148
2913.5687/2915.5439
2920.5811/2920.5847
3640.7309/3640.7417
3865.0924/3865.1068
4267.2504/4267.2627
4719.5316/4719.5442
4855.3757/4857.3959
4988.8484/4988.8659
5447.0133/5447.0332
5976.3226/5976.3381
4695.9470/4695.9625
5032.0315/5032.0448
5704.2005/5704.2057
5775.3771/5775.3854

g o1 0 W N P N W W w oo~ NN

P R R P =
S CRE CR CR Ol R =Y

1/3/3.5/1
1/3/3.5/1
0.5/1.25/1.5/1
0.5/1.25/1.5/1
1.5/3/4/1
1.5/3/4/1
1.5/3/4/1
1.5/3/4/1
1.5/3/4/1
1.5/3/4/1
3/7/11/0
1171171
0.5/1.5/1.75/1
0.5/1.5/1.75/1
0.5/1.5/1.75/1
0.7/22.7/1
0.7/212.711
2/3.5/4/1
2/3.5/4/1
2/3.5/4/1
0.6/1/1.4/1
3/3/3.5/1
3/3/3.5/1
3/3/3.5/1
0.4/0.8/1.8/1
0.4/0.8/1.8/1
1.5/4/4/1
1.5/5.5/2.5/1
1/1.75/1.5/1
1/1.75/1.5/1
1/1.75/1.5/1
0.6/1/1.6/1
1/1.25/2.5/1
1.5/2.3/1.3/1
3/4.5/5.5/1
3/4.5/5.5/1
1/1.7/1.1/1
1/1.7/1.1/1
0.6/2/2.3/1
1/1/2.4/1
0.3/1.4/1.1/1
3/15/17/1
3/15/17/1
3/15/17/1
1.2/3/3.8/1
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Ac33  (ACAKA)(KYEK)4(KEKA)KAKY-OH 20.3 (9) 6111.4616/6111.4644 8  1.2/3/3.8/1

CIAc33  (CIACAKA)s(KYEK)4(KEKA)KAKY-OH 20.9 (9) 6383.1499/6384.1461 8 1.2/3/3.8/1
34 (KA)s(KKAKE)4(KYKAKA)2KAYKKA-OH 127(9.0)  6016.7929/6016.7881 17  1.3/7.3/6/1 +
Ac34  (ACKA)(KKAKE)(KYKAKA),KAYKKA-OH 52.8(19.9)  6352.8774/6352.8813 17  1.3/7.3/6/1
Fum34  (FUmKA)s(KKAKE)(KYKAKA),KAYKKA-OH 51.8 (18.1)  7025.0465/7025.0531 17  1.3/7.3/6/1
35 (KAA)(KKAKAK),(KAAKKY),KEKAKCA-OH 17.0 (2.6)  6934.4362/6934.4379 24  0.5/13/15/1
36 (AK)s(KAKAKY)(KAKEYEY),KAKEYEY-NH, 51.3 (5.8) 6916.1419/6916.1596 13  0.6/1.9/1.9/1
37 (X)30-NH2 46,3 3
CIAC37  CIAC(X)so-NHz 67,2 3
38 (X)a0-NH2 34 4
Ac38 Ac(X)40-NH: 62,4 4

[a] One-letter code amino acids are used, K is the branched lysine residue, Ac is acetyl group at the N-
terminus, CIAc is Chloroacetyl group at the N-terminus, Fum is monoethylfumarate at the N-terminus,
OH is the carboxyl C-terminus, NH2 is carboxamide C-terminus, Coum is 7-Diethylamino-3-(4'-
succinylphenyl)-4-methylcoumarin. [b] Isolated yields as trifluoroacetate salt after preparative RP-HPLC
purification. [c] ESI-MS data. [d] Charge of a dendrimer at neutral pH. [e] Amino acid ratio without
counting branching Lys. [f] Ability to induce IL-1Ra on primary monocytes after 48 h of incubation.

3.2.3. The initial screening for the biological activity

To access the biological activity of the first library we tested if they stimulate secretion of IL-1Ra
on human primary monocytes similarly to GA in the presence or the absence of LPS (100 ng/mL). All
dendrimers were tested in the range of concentrations which were previously used for GA (50 and 25
pg/mL). LPS, as a strong inflammatory stimulus was used to determine behaviour of the monocytes in
acute inflammatory conditions. The levels of IL-1Ra were measured with an ELISA assay. The assay
supernatants were collected after a round of centrifugations to avoid the cells material for the further

analysis and stored in -80 °C prior to use.
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Figure 3.3. Total screening for the first library and the library of the analogs: Cytokine level of IL-1Ra
in supernatants of monocytes for active dendrimers and analogues evaluated by ELISA assay on
primary human monocytes of healthy donors. 5x10% cells/200 pL in 96 well plates, were incubated with
dendrimers or GA as a control for 48 h in the presence or the absence of LPS (100 ng/mL), in a range

of concentrations (50-25 pg/mL) (mean + SD, n = 2 different experiments). The results are presented as
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the difference between each sample and the non treated sample to consider the difference between

baselines for each donor.

Initial screening showed the levels of secreted IL-1Ra remained below 1 ng/mL for all the smaller
test compounds as well as with the linear peptide analogs of GA (Figure 3.3.). However, two of the largest

G3 dendrimers, 32 and 34, induced IL-1Ra release to level comparable or higher than GA.

3.2.4. Optimisation of the IL-1Ra secretion time

Recent reports describe supernatants collected and analysed after 48 h of incubation,*3! however
there is no data published indicating earlier time points for IL-1Ra secretion. To check wherever the
incubation is relevant for the experiment and the treatment induces secretion but not release of the
cytokine, cells were incubated with different time intervals (15 min, 30 min, 1 h, 4 h, 8 h, 12 h, 24 h, 48
h). Analysis of the supernatant indicated that there is no significant amount of the cytokine detected within
first 12 h, and only traces after 24 h (below 1 ng/mL) of the cytokine observed (Figure 3.4.). 48 h of
incubation showed the most reliable readout with the highest response, which is also compatible with

what is known about the biosynthesis process.

-~ GA
- 32
- 34

Time

Figure 3.4. Cytokine level of IL-1Ra in supernatants of monocytes for active dendrimers and analogues
evaluated by ELISA assay on primary human monocytes of healthy donors. 5x10* cells/200 pL in 96
well plates, were incubated with dendrimers or GA (50ug/mL) as a control forl5 min, 30 min, 1 h, 4 h,
8 h, 12 h, 24 h, 48 h in the presence of LPS (100 ng/mL) (mean £ SD, n = 3 different experiments).
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3.2.5. Structure-activity relationship

The screening indicated structural features of the dendrimers, which are relevant for the activity.
As was expected, MW played a significant role, however not all large dendrimers with MW in the range
of GA were active. Carboxyl C-terminus or carboxamide C-terminus did not interfere with activity since

both active compounds had a diverse option at the C-terminus.

Table 3.2. Synthesis, structural properties, and activity of analogs of 32 and 34.

Yield, mg Tot. A.A. ratio,
ID Sequence? MS calc./obs.¢ Act.f

(%)° chd  E/KIAIY®

32G2  (KAK)s(KEKA):KAKEAYCA-NH: 219 (14.1)  3102.8903/3102.8874 20 3/11/9/1
32A (AK)s(KAK)a(KEKA).KAKEAY CA-NH, 23.2(232)  4695.9470/4695.9469 12  3/15/17/1 +
32K (KK)s(KAK)4(KEKA)KAKEAY CA-NH: 18.9(18.9)  5152.4098/5152.4134 12 3/23/9/1 +

D-32 (ka)s(kak)a(keka)zkakeayca-NHz 56.8 (18.3)  4695.9470/4695.9606 12 3/15/17/1
sr-32  (KA)s(KAK)4(KEKA)KAKEAY CA-NH> 329(7.6)  4624.9098/4624.9212 12 3/15/17/1 +

D-34  (ka)s(kkake)a(kykaka)zkaykka-OH 67.1(16.7)  6015.8089/6015.8149 8 1.3/7.3/6/1
sr-34  (KA)s(KKAKE)s(KYKAKA)KAYKKA-OH 89.6 (15.6)  6016.7929/6016.8081 8 1.3/7.3/6/1  +
32K2  (KA)s(KKKAK)s(KEKA).KAKEAYCA-NH; 28.0(8.6)  5720.7067/5720.7093 20  3/23/171 +
Ac32K2  (AcKA)s(KKKAK)i(KEKA):KAKEAYCA-NH: 28.6 (9.4) 6056.7912/6056.7988 20 3/23/17/1 +
Fum32K2  (FUmKA)s(KKKAK)4(KEKA),KAKEAYCA-NH, 27.5(8.3) 6728.9602/6728.9614 20 3/23/17/1 +
32-32  (KA)(KAK)4(KEKA)KAKEAY CA-NHz) 7.9(43.6)  9247.8040/9247.8422 12 3/15/17/1 +
32FI (KA)s(KAK)a(KEKA)KAKEAY C(FI)A-NH2 6.5(40.6)  5207.0373/5207.0391 3 3/15/17/1 +

[a] One-letter code amino acids are used, K is the branched lysine residue, Ac is acetyl group at the N-
terminus, Fum is monoethylfumarate at the N-terminus, OH is the carboxyl C-terminus, NH: is
carboxamide C-terminus, Fl is fluorescein diacetate 5-succinimide. [b] Isolated yields as trifluoroacetate
salt after preparative RP-HPLC purification. [c] ESI-MS data. [d] Charge of a dendrimer at neutral pH.
[e] Amino acid ratio without counting branching Lys. [f] Ability to induce IL-1Ra on primary monocytes
after 48 h of incubation.

To assess the activity requirement for 32 and 34, we performed a structure—activity relationship

(SAR) study on the level of induced IL-1Ra release measured by immunoassay, which we verified in
selected cases at the mRNA level by RT-gPCR. During this study we tested a selection of active and
inactive dendrimers on PBMCs and found that they did not measurably affect viability, suggesting that
any modulation of IL-1Ra release indicated a specific effect and an apparent absence of toxicity (Figure
3.5).
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Figure 3.5. Cytokine level of IL-1Ra in supernatants of primary human monocytes of healthy donors
treated with peptide dendrimers, evaluated by ELISA assay (bars, left vertical axis) and mRNA levels (A,
right vertical axis). For ELISA 5x10* cells/200uL in 96 well plates were incubated with 25-50 pg/mL
dendrimer or GA for 48 h (mean + SD, n = 2 different experiments). For mRNA levels evaluation 2x10°

cells/3 mL in 6 well plates were incubated with 50 pg/mL dendrimer or GA for 18 h.

Activity was abolished by N-terminal modification of 32 and 34 for Ac32, Fum32, Ac34, Fum34
as well as in dendrimer 32G2 (Table 3.1, 3.2.), a smaller G2 analog of the most active dendrimer 32. On
the other hand, activity was preserved in close analogs of 32 featuring an additional lysine residue in the
G2 branch and the N-termini free (32K2) or acylated (Ac32K2, Fum32K?2), or with modified G3 branches
either in reversed order (32A) or containing only lysine (32K). The disulphide bridged dimer 32-32 was
also active (Table 3.1.-3.2., Figure 3.4.-3.5.). The importance of the lysine residues was shown previously
on GLATIiramer (glutamic acid, lysine, alanine, tyrosine) similar copolymers, where copolymers (GAT)
which did not contain lysine were unable to inhibit EAE.[?°l Taking into account that the presence of
lysine is essential for the activity, we synthetized dendrimers having similar composition to GA and also

some dendrimers containing extra lysine residues.

In terms of stereochemistry, activity was also lost with D-enantiomers D-32 and D-34, similar to the
inactivity reported for D-enantiomeric GA.[®¢1 Furthermore, stereo randomised peptides were synthetized
using on each coupling step a 1/1 L/D solution of a required amino acid. In this case we always have an
approximately equal possibility of attachment either L or D amino acid. In the end we have a complex
mixture of sterically different isomers but whose sequence is defined. Activity was preserved in stereo
randomized analogs sr-32 and sr-34, synthesized using racemic building blocks,**4 suggesting secondary

structures were not required for activity (Figure 3.5.).
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3.2.6. 2" library designed using different amino acids from GA

Lysine is considered an essential amino acid required for the activity, howeverpeptides with valine
or isoleucine instead of alanine and phenylalanine and tryptophane instead of tyrosine were reported as
retaining some activity.[?1 We decided to see if changing the amino acid composition will change the

activity in case of peptide dendrimers.

AA Ratio 1 Ratio 2 Ratio 3 Ratio 4

Teva analog analog D-AA

1,4 1,7 1,8 2,2

3,4 3,8 4,0 4,0
& | w0 1,0 1,0 1,0 @
i';: 7 6 8,5 29

Figure 3.5. Table of amino acid ratio for some described glatiramoids.

Using as a starting point the active dendrimer 34, we designed a library consisting of the analogs
composed of amino acids, which are not present in GA. For example, alanine was substituted with glycine,
proline, isoleucine, valine. Tyrosine was substituted with serine and phenylalanine. Glutamic acid was
substituted on glutamine and asparagine. Lysine was substituted with arginine on the core and for the 3t"
generation for half of the sequences ornithine was used. All the dendrimers were at the same size range
and had similar total charge. Two dendrimers sr-41 and sr-45 are composed of D and L amino acid in

equal ratio to see if the activity will be preserved in case of stereorandomization.
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Table 3.3. Synthesis, structural properties, and activity of analogs of 34.

ID Sequence? Yield, mg MS calc./obs.¢ Act.f
(%)P chd
39 (KA)s(KKGKE)4(KYKAKA).KIFKSK-NH; 61.7 (15.4)  6001.7932/6001.8045 18 +
40 (KA)s(KKGKE)4(KYKKAP):KAFKK-NH2 81.3 (20.21) 5924.7456/5924.7700 18 +
sr-41 (KA)s(KKKAE)4(KYKAKG)2KLYKKG-NH2 131.3(27.8)  6015.8089//6015.8179 18 +
42 (OV)s(KKGKE)4(KYKGK)2KKFNGK-NH2 104.5 (21.8) 5914.7612/5914.7612 18 +
43 (OV)s(KKGKE)4(KYKAKA)2KIFKSK-NH2 48.5 (10.2) 6113.9184/6113.9332 18 +
44 (OV)s(KKGKE)4(KYKKAP)KAFNKK-NH> 49.1 (10.3) 6036.8708/6036.8901 18 +
sr-45 (OV)s(KKKAE)4(KYKAKG)2KLYKKG-NH: 118.3(24.8)  6127.9519/6127.9341 18 +
46 (KA)s(KKGKE)s(KYKLGK):KKFNGK-NH: 95.9 (23.9) 6026.8041/6026.9039 18 +
47 (KA)s(KKLKE)4(KYKGKG).KQFIRA-NH: 86.6 (18.2)  6181.9559/6181.9536 17 +
48 (KA)s(KKAKE)4(KYKGKA):KRVIKQ-NH: 60.9 (15.1) 6050.8572/6050.8745 18 +
49 (OV)s(KKLKE)4(KYKGKG)2KQFIRA-NH: 93.5 (19.5) 6294.0811/6294.0984 17 +
50 (OV)s(KKAKE)s(KYKGKA):KRVIKQ-NH2 70.3 (17.9) 6162.9824/6162.9947 18 +

[a] One-letter code amino acids are used, K is the branched lysine residue, NH2 is carboxamide C-

terminus [b] Isolated yields as trifluoroacetate salt after preparative RP-HPLC purification. [c] ESI-MS
data. [d] Charge of a dendrimer at neutral pH. [e] Amino acid ratio without counting branching Lys. [f]
Ability to induce IL-1Ra on primary monocytes after 48 h of incubation.

Biological screening for IL-1Ra indicated, that amino acid substitution did not lead to loss of the

activity, even in the case of compounds with ornithine and valine at the 3" generation, suggesting that the

total charge is important for triggering the response. That finding brought us to the list of compounds,

where they all remain active, and a structural change do not lead to the loss of the secretion (Figure 3.6.).
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Figure 3.6. Cytokine level of IL-1Ra in supernatants of monocytes for active dendrimers and analogues
evaluated by ELISA assay on primary human monocytes of healthy donors. 5x10* cells/200 pL in 96 well
plates, were incubated with dendrimers or GA as a control for 48 h in presence or absence of LPS (100
ng/mL), in a range of concentrations (50-25 pg/mL) (mean £ SD, n = 3 different experiments). The results
are presented as the difference between each sample and the non treated sample to consider the difference
between baselines for each donor.

3.2.7. Conformation in solution by CD Spectroscopy

It was demonstrated recently that GA can form a-helical structures in solution. There were also

data indicating that in presence of membrane-like environment induces a-helical structure for GA.[*%°]

To investigate the importance of the conformation for the activity, we performed circular
dichroism measurements in phosphate PB and in the presence of dodecylphosphocholine (DPC), in order

to mimic membrane-like environment.

Indeed, the spectra of GA shower a high level of a-helix, which increases in presence of DPC
(Table 3.4., Figure 3.7). At the same time, the active compounds 32 and 34 and also inactive dendrimers
indicated an unordered conformation, which suggests that secondary structure is not required for the
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activity. The stereorandomised analogs sr-32, sr-34 and sr-45 had a predictable flat shape characterising

the mixture of L- and D-amino acids. D-34 had an inversed spectrum in comparison to its L analog 34.

Table 3.4. Circular dichroism spectra of GA and some selected dendrimers (100 ug/mL) in 8 mM
phosphate PB at pH 7.4 optionally in the presence of 5 mM dodecylphosphocholine. Percentage of a-

helix and S-sheet was processed by Dichroweb using the CONTIN analysis program and reference set 3.

Compound Helix1 Helix2 Strandl Strand?2 Turns Unordered Total

GA PB 0.299 0.187 0.000 0.037 0.171 0.306 1
GADPC 0.434 0.226 0.000 0.024 0.135 0.180 0.999
17 PB 0.000 0.103 0.221 0.122 0.222 0.332 1
17 DPC 0.000 0.103 0.200 0.121 0.238 0.338 1
Acl7 PB 0.000 0.198 0.045 0.077 0.244 0.437 1.001
Acl7 DPC 0.000 0.123 0.151 0.106 0.247 0.372 0.999
32 PB 0.000 0.210 0.025 0.071 0.246 0.447 0.999
32 DPC 0.000 0.175 0.099 0.089 0.256 0.382 1.001
34PB 0.000 0.111 0.156 0.110 0.216 0.406 0.999
34 DPC 0.000 0.143 0.156 0.098 0.243 0.359 0.999
sr-32 PB 0.002 0.063 0.274 0.131 0.214 0.317 1.001
sr-32 DPC 0.002 0.074 0.231 0.127 0.228 0.338 1
sr-34 PB 0.000 0.051 0.278 0.139 0.208 0.323 0.999
sr-34 DPC 0.000 0.077 0.238 0.139 0.252 0.294 1
D-34 PB 0.053 0.047 0.278 0.137 0.197 0.288 1
D-34 DPC 0.043 0.054 0.282 0.130 0.231 0.319 1
36 PB 0.000 0.133 0.131 0.109 0.244 0.382 0.999
36 DPC 0.000 0.118 0.166 0.115 0.255 0.346 1
38 PB 0.045 0.095 0.165 0.108 0.234 0.353 1
38 DPC 0.126 0.134 0.143 0.088 0.211 0.298 1
sr-45 PB 0.000 0.052 0.260 0.137 0.223 0.326 0.998
sr-45 DPC 0.000 0.071 0.265 0.132 0.224 0.308 1
47 PB 0.000 0.129 0.258 0.114 0.252 0.358 1.001
47 DPC 0.000 0.139 0.158 0.112 0.260 0.332 1.001
48 PB 0.000 0.167 0.118 0.101 0.255 0.360 1.001
48 DPC 0.000 0.137 0.156 0.108 0.255 0.344 1
49 PB 0.000 0.125 0.153 0.100 0.242 0.379 0.999
49 DPC 0.000 0.113 0.161 0.119 0.260 0.347 1
50 PB 0.000 0.115 0.172 0.114 0.241 0.358 1
50 DPC 0.000 0.148 0.130 0.108 0.272 0.343 1.001
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Interestingly, the inactive GA-like 40-mer 38 similarly to GA was a-helical (Figure 3.7.), which
confirms our hypothesis that the activity does not directly correlate with the secondary structure.
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Figure 3.7. Circular dichroism spectra of GA, 32 and 34 (100 ug/mL) in 8 mM phosphate PB at pH 7.4
(a) or in the presence of 5 mM dodecylphosphocholine. Percentage of a-helix and S-sheet was processed

by Dichroweb using the CONTIN analysis program and reference set 3.

3.3. Conclusion

We report a library of 96 peptide dendrimers with a diversity in MW, charges, amino acid ratio
and structure, including linear peptides, 1%, 2" and 3" generation dendrimers modified or not at N-
terminus with acetyl, chloroethyl, methylfumarate groups. We explained importance of the
stereochemistry for the activity and the main features, which are relevant for the activity.

The initial screening indicated that MW plays an important role for the activity, and the
dendrimers must be at least in the lowest range of MW of GA (5-6 kDa). However, MW is not enough to
mimic GA, another relevant parameter is total charge of the molecule. It must be a certain positive charge
for the molecule to exhibit anti-inflammatory properties. That hypothesis is confirmed by the fact that the
active dendrimers 32 and 34 lost their activity when N-terminus were masked with acetyl groups. Addition
of some extra lysine residues did not lead to significant increase of the activity; however, it did not result
in the loss of the activity.

Stereochemistry plays an interesting role in the activity of the dendrimers. As it was expected
similarly to D-GA, D-32 and D-34, the analogs of the active dendrimers, completely lost their activity.
Therefore, surprisingly stereo randomised analogs sr-32 and rs-34 remained active.

Substituting of some amino acids on the similar ones without changing significantly the structure
does not lead to the loss of the activity. Even though it was reported that lysine is an essential for the

activity of GA, substituting it on ornithine residues did tot affect the cytokine secretion. Similarly to
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lysine-ornithine substitution, using valine, glycine and isoleucine instead of alanine, and phenylalanine,
serine and tryptophane instead of tyrosine.

Activity of the dendrimers was accessed by using primary human monocytes of healthy, which
were extracted from the whole anticoagulant-treated blood. Primary cells of different donors are sensitive
towards immune modulation depending on the healthy state of the donor; hence we observed a different
response in terms of amounts of secreted cytokines (1-15 ng/mL) depending on the particular donor.
Therefore, this assay does not provide a reliable quantitative readout that would allow for direct
comparison of the different levels of activity with different sequences, hence a comparison of the activity
based on the concentration of IL-1Ra is not possible.

To better understand the action of dendrimers we conducted more detained biological evaluation

of the inflammatory properties of the dendrimers.
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4. Detailed evaluation of biological activity

4.1. Introduction

To better understand the action of the dendrimers and to compare their biological properties to
GA, we focused on detailed biological properties of the active dendrimers. Having in our hands reliable
results from the screening, which indicated the active sequences. We noticed that the response to the
treatment with GA and the dendrimers differs on IL-1Ra system, we therefore decided to evaluate the
more detailed dose-response. It was shown that, there is a significant donor dependency on the IL-27
secretion in response to GA treatment.[**6] Response of the primary cells is not consistent and depends on
many factors, including inflammations and post-inflammations occurring in the patients and individual
response to the treatment. In this part we performed additional experiments in order to compare effects of
GA with dendrimers on different donors. To confirm that the dendrimers are not toxic for the cells, we
measured viability of the PBMC in the presence of different concentrations of the dendrimers.

IL-1Ra is an important modulator which is responsible for the reduction of inflammation, however
it was reported that more cytokines are involved in the immune modulation, caused by GA. Here we
decided to see if other cytokines were affected in response to treatment with our dendrimers, considering
that for GA it was shown that several inflammatory cytokines were reduced. “3! To confirm the M2
phenotypical shift we checked expression of some selected surface markers in response to treatment with
dendrimers.

Visualisation studies had not been done on GA due to its complicated polypeptide mixture. Taking
an advantage of having an exact structure, we obtained fluorophore labelled analogs of our active and
inactive dendrimers. Visualisation of the dendrimers distribution inside of the cells could provide an
important information about mechanism of action and indicate how dendrimers distribute upon their
action and which cells exactly do they affect. We also performed immunostaining of different white blood

cells to see, which cell types interact with our dendrimers.

4.2. Results and discussion

4.2.1. Concentration dependency

Concentrations presented in the literature for GA for in vitro experiments usually range between
50 and 25 pg/mL. Here we asked the question if an increase or decrease would provide us more reliable
response. For that, we tested our dendrimers and GA in a range of concentrations from 100 to 12.5 pg/mL.
Indeed for GA the response was the most efficient at concentrations 50 and 25 pg/mL, as reported
previously. [ At the same time, for selected dendrimers 32, 34 and sr-34 the activity was significantly

higher with 100 pg/mL in both LPS activated and neutral conditions (Figure 4.1).
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Even though the response was higher with higher concentration of the dendrimer, 50 and 25
pg/mL were giving a reliable response and have the advantage to reduce the amount of material used.
Concentration 12.5 pg/mL was still triggering the response, however for GA it was not enough to
distinguish between untreated samples (N.T.) and considering the error bars and inconsistency between
different donors we decided to focus on concentrations 50 and 25 pg/mL

a) No LPS b) LPS
15 159
B 100 pg/mL B 100 pg/mL
B 50 pg/mL = 50 pg/mL
2 10 3 25 ug/ml ’ 10 = 25 pgiml
E-') 3 12.5 pg/mL. E": 1 12.5 pg/mL
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Figure 4.1. Cytokine level of IL-1Ra in supernatants of monocytes for active dendrimers and analogues
evaluated by ELISA assay on primary human monocytes of healthy donors. 5x10% cells/200 pL in 96 well
plates, were incubated with dendrimers or GA as a control for 48 h in presence or absence of LPS (100

ng/mL), in a range of concentrations (100-12.5 pg/mL) (mean + SD, n = 3 different experiments).

4.2.2. Cells survival of PBMC in response to treatment with selected dendrimers
After accessing the working concentrations of the dendrimers, as a next step we accessed
cytotoxicity of the dendrimers on PBMC. For that test it was not important to use monocytes since general

toxicity usually would affect different cell types.

The results were accessed by Alamar Blue assay and indicated that neither GA nor dendrimers
were toxic at any of the used concentrations, which is confirming our choice of the selected concentrations

for the further biological investigations (Figure 4.2).
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Figure 4.2. Survival of PBMC after 24h of incubation in the presence of peptide dendrimers in a range
of concentrations (100-12.5 pg/mL) 5x10* cells/200pL in 96 well plates, were incubated with dendrimers
or GA. (Normalized rows means + SD, n = 3 different experiments). After incubation 50 pL of 50%
AlamarBlue was added in supplemented medium for additional 12 h, then fluorescence was measured

according to the manufacturer protocol.

4.2.3. Donor dependency in IL-1Ra secretion for healthy donors

While accessing the activity of the synthetized libraries we noticed, that amounts of secreted
cytokines differ depending on the donor for all the conditions, including the untreated samples. Similar
donor dependent responses of cytokine release to GA have been reported for 1L-27.1116]

Similarly, a survey of monocytes from five different healthy donors (HD) showed different levels
of secreted IL-1Ra in response to GA and the dendrimers (Figure 4.3.a-b). For instance, three donors
reacted stronger to dendrimers 32 and 34 than to GA (HD1, HD4, HD5), one stronger to GA (HD2), and
one donor did not react significantly to the compounds (HD3). Interestingly, HD1 and HD4 exhibit higher
levels of secreted IL-1Ra even without treatment, and even higher levels in case of the treatment. At the

same time, HD2 and HD5 showed lower levels of IL-1Ra with treatment and without.
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Figure 4.3. Healthy donor responses to GA, peptide dendrimers 1 and 4, In.C. — Inactive Control (inactive
dendrimer from screening) and NT — No treatment in IL-1Ra secretion for 5 different donors. Each color
represents a different healthy donor (HD 1-5). Supernatants were analyzed by ELISA after 48 h of
incubation 5x10* cells/200uL in 96 well plates. Concentration of GA and peptide dendrimers was 50

pg/mL Data is presented as a mean + SD, n = 2-3 independent experiments.

Even though different donors can respond unpredictably in terms of amounts of secreted
cytokines, all of them exhibit comparatively low amounts of IL-1Ra in case of treatment with inactive

control or without treatment (Figure 4.3. a).

4.3. IL-1Ra secretion on monocytes versus leukocytes

To assess if IL-1Ra was specific for monocytes or leucocytes we separated monocytes from
leukocytes using Percoll gradient centrifugation which gave us two fractions: enriched monocytes and
enriched leukocytes, which includes T cells, B cells and Natural Killers (NK). The induction of IL-1Ra
by GA and dendrimers 32 and 34 was specific for monocytes and did not occur with lymphocytes (Figure
4.4).

That finding indicated that monocytes are the only cells secreting IL-1Ra and can suggest that
both GA and dendrimers initially react with APC, which later activate the adaptive immune system.
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Figure 4.4. Cytokine level of IL-1Ra in supernatants of monocytes enriched fraction (a) and the rest of
leukocytes (b) for active dendrimers and analogues evaluated by ELISA assay. Monocytes fraction was
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separated from whole PBMC by Percoll density gradient centrifugation. Monocytes enriched fraction
was separated using 5x10* cells/200 pL in 96 well plates were incubated with dendrimers or GA (50-25

pg/mL) as a control for 48 h (mean £ SD, n = 2 different experiments).

4.5. mRNA quantification in time

To assess more cytokines at the mRNA level we performed Real-Time quantitative Polymerase
Chain Reaction (QRT-PCR) on primary monocytes in the presence and the absence of LPS. We selected
active dendrimer 32. We controlled secretion of the cytokines at different time points: 3 h, 6 h, 18 h, 24
h. mRNA synthesis is a first step of the cytokine synthesis, and for that reason the time intervals were
chosen accordingly.

We choose IL-1p and TNF-a since they play a major role in MS pathogenesis, being the most
well-established signals of inflammation. LSP activation stimulates an immediate strong inflammatory
response and M1 phenotypical shift. At the same time, in the case of M2 anti-inflammatory shift,
inhibition of the inflammation occurs which leads to IL-1 f and TNF-a suppression. LPS is known as a
stimulus, which leads to a fast a strong response, however with time the initial response wanes even

though the concentration of LPS remains constant.

To prove that our dendrimers are not immunogenic, we conducted a stimulation experiment. We
also observed the action of our dendrimer in presence of LPS, looking for evidence of induction of
inflammation. A time-profile of cytokine release showed that dendrimer 32 significantly inhibited the
production of the proinflammatory cytokine IL-1B, which occurred in the first few hours in both
inactivated and LPS-activated monocytes (Figure 4.5.a/b). Dendrimer 32 also inhibited the release of
TNF-a triggered upon the initial activation of monocytes by LPS (Figure 4.5.c/d). Finally, dendrimer 32
induced the release of IL-1Ra both with and without LPS activation, but in the latter case the effect was
detected only after 18 h incubation (Figure 4.5e/f). These cytokine modulation effects with inhibition of
IL-1b and TNF-a and promotion of IL-1Ra suggested that dendrimer 32 shifted monocytes towards an
anti-inflammatory M2 phenotype.

63



Absence of LPS

IL-1p ) IL-1Ra
a) c e)
207 - 1 159 - 1 157 - 1
- NT - NT - NT
154
10 10
104
5 5
54
oL . . . N I . .
3h 6h 18h 24h 3h 6h 18h 24h 3h 6h 18h 24h
Presence of LPS
b) d) f)
5000 - 1 800+ - 1 100+ - 1
J - NT - NT J - NT
4000 s00 80
30004 60+
400
20004 404
200+
10004 20
0 0 0
3h 6h 18h 24h 3h 6h 18h 24h 3h 6h 18h 24h

Figure 4.5. Dendrimer 32 affected mRNA levels in both LPS-activated and resting monocytes. Monocytes
4x108 cells/3 mL in 6 well plates were incubated for indicated time with 50 pg/mL of 32 or without any
treatment (NT) (a, c, €); or preincubated for 1 h with 100 ng/mL of LPS, and then with 50 pg/mL of 32
(b, d, f) or without any treatment (NT). Total RNA was isolated, reverse transcribed and analyzed by RT-
gPCR for presence IL-1f, IL-1Ra and TNF-a.

4.6. Confocal Microscopy with Fluorescein labelled dendrimers

In contrast to GA which is a polymeric mixture, our dendrimers are entirely well-defined and
therefore can be selectively labelled.**”] Here we prepared 32FI, an analog of 32 bearing a fluorescein
label at the dendrimer core, to directly visualize the extent of its interaction with monocytes (Table 4.1.).
Dendrimer 32FI showed similar IL-1Ra release activity as the unlabelled dendrimer 32. Confocal imaging
in the presence or absence of LPS after 48 h of incubation showed that the 32FI was mostly bound to the
cell surface, with only partial localization in endosomes indicated by a punctuated pattern. This
localization is consistent with an interaction at the cell surface to trigger a biological response (Figure
4.6.).
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Figure 4.6. Confocal microscopy of primary human monocytes incubated for 48 h with 32FI (50 pg/mL)
in the absence of LPS (a) (10° cells/200 pL) or presence of LPS (100 ng/mL) (b). Membrane is in red

(CellMask Deep Red), nucleus is in blue (Hoechst33342), compounds are in green (Fluorescein).

Similarly to 32FI, we created a library consisting of selected dendrimers, which are modified with
fluorophore groups, to see whether active and inactive dendrimers distribute differently within
monocytes. Following the same reaction sequence, we obtained sr-32 as an active analog, D-32, Ac32,
and 35 as inactive derivatives. Previous findings indicated localisation of the dendrimer after 48 h of
incubation, which correlates with the secretion peak. Here we asked the question, how the localisation
would look like given it shorter time intervals, considering that the interaction, leading to the desired
response, most likely occurs within first few hours of treatment. Confocal images were taken after 3, 6
and 18 h of treatment for each of the dendrimers. Cells were not preincubated prior the treatment to avoid

morphological changes.

We observed similar effects for 32 and its inactive analog Ac32, after 3 h of incubation,
dendrimers were mostly localised in the membrane, however after 6 h of incubation there are small
amounts of fluorescein in the nucleus. After 18 of incubation dendrimer is localised in the membrane with
partial distribution in endosomes. Nevertheless, it is not clear if the compound is partially digested
following penetration and the metabolite of fluorescein penetrates the nucleous. Indeed, considering the
whole structure of these compounds, it is unlikely for a conjugate to penetrate nucleus. Compound 35FI
was neither active nor showed a distribution in the membrane, which suggests that a certain membrane

affinity may be required for the activity (Table 4.1.).
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Table 4.1. Fluorescent labelled analogs

ID Sequence? Yield, mg (%)° MS calc./obs.¢
32FI (KA)s(KAK)a(KEKA).KAKEAY C(FITC)A-NH> 6.5 (40.6) 5207.0373/5207.0391
D-32FI ((ka)s(kak)a(keka)2kakeayc(Fl)a-NH2 6.1 (40.3) 5207.033/5207.0389
sr-32F1  (KA)s(KAK)4(KEKA):KAKEAY C(FI)A-NHz 5.2 (37.8) 5207.0373/5207.0256
AC32Fl  (AcKA)s(KAK)4(KEKA)KAKEAYC(FI)A-NH> 7.1(42.5) 5545.1375/5545.1257
35FI (KAA)s(KKAKAK)4(KAAKKY)-KEKAKC(FI)A-OH 4.8 (38.1) 7445.5629/7446.5164

[a] One-letter code amino acids are used, K is the branched lysine residue, Ac is acetyl group on N-
terminus, OH is the carboxyl C-terminus, NH: is carboxamide C-terminus, Fl is fluorescein diacetate 5-
succinimide. [b] Isolated yields as trifluoroacetate salt after preparative RP-HPLC purification. [c] ESI-
MS data.

Images of the racemic analog sr-32 were completely different from the rest of the compounds.
Cells partially lost their structure with observable fragments of the membrane present on the plates. This
IS suggestive of immunogenicity and a stress caused by treatment with the racemic analog. That stress

can explain loss of adherent properties of monocytes and their unexpected behaviour.

3h

Figure 4.7. Confocal microscopy of primary human monocytes incubated for 3 h, 6 h, 18 h with 32FI (50
pg/mL) (10° cells/200 pL) Membrane is in red (CellMask Deep Red), nucleus is in blue (Hoechst33342),

compounds are in green (Fluorescein).
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Figure 4.8. Confocal microscopy of primary human monocytes incubated for 3 h, 6 h, 18 h
with sr-32F1 (50 pug/mL) (10° cells/200 puL) Membrane is in red (CellMask Deep Red), nucleus
is in blue (Hoechst33342), compounds are in green (Fluorescein).

Figure 4.9. Confocal microscopy of primary human monocytes incubated for 3 h, 6 h, 18 h
with Ac32FI (50 pg/mL) (10° cells/200 uL) Membrane is in red (CellMask Deep Red), nucleus

is in blue (Hoechst33342), compounds are in green (Fluorescein).
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Figure 4.10. Confocal microscopy of primary human monocytes incubated for 3 h, 6 h, 18 h
with 36FI (50 pg/mL) (10° cells/200 pL) Membrane is in red (CellMask Deep Red), nucleus is

in blue (Hoechst33342), compounds are in green (Fluorescein).

4.7. Immunostaining of PBMC

Literature suggests that GA affects APC cells.}”] This observation also corelates with
our own experiments on leukocytes, which did not secrete IL-1Ra neither in presence of GA
nor dendrimers. Here we asked the question, how does the distribution of the fluorescent
labeled dendrimers look for the PBMC.

To prove that the primary interaction occurs with APC, we performed confocal imaging
of PBMC stained with fluorescent labeled antibodies. Another purpose of the experiment was
to see if cells increase frequency of their interactions due to the treatment and what kind of

interactions is prevalent.

As we expected, fluorescent labeled dendrimers were mostly localized at APC,
suggesting that the primary interaction occurs on innate immune cells, which, being polarized
towards anti-inflammatory phenotype, reduce inflammation. The experiment was conducted at
the CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences on

the “Pharmacoscopy platfom” in Vienna. [*€]

Staining of CD14 indicated, that most of the dendrimers distributed within the
membrane as endosomes. At the same time, for T cells staining we choose CD3 antibody,
which allows to include both T helper cells (CD4 positive) and cytotoxic T cells (CD8

positive). Dendrimers were not observed in the T cells, indicating indirect action. In presence
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of T cell activator (TCR) there were no difference in the cell morphology observed, however

the staining for T cells was diminished, due to competitive binding of TCR and the staining

antibody.

D:32TCR 3et. .- 7 sr-32 TCR act.

vc

Figure 4.11. Confocal images on PBMC stained with CD14 — monocytes (yellow) and CD3 —

T cells (red). Cells were treated with fluorophore labelled compounds (green).

4.8. Multicolor Flow Cytometry

Immunophenotyping by multicolour flow cytometry is a potent method, which allows
to infer the phenotypical shift and learn about cell activation. To further probe the
immunomodulatory effects of dendrimer 32 in comparison to GA, we measured the response
of typical surface markers, which we measured by flow cytometry on PBMCs, labeled with
fluorophore-conjugated antibodies (Figure 4.12.).
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Figure 4.12. Fluorophore multicolor panel of 7 different fluorophores. CD14 - PE, CD16 -
BV605, HLA-DR - BV421, CD68 — PECy7, CCR2 — BV711, CD206 - APC.

Under non-activated conditions, dendrimer 32 downregulated the innate immune
response receptors CD14 (LPS receptor), CD16 (Fcy receptor I1I), HLA-DR (Human leukocyte
antigen class 11) % and CD68 (peptide transport, antigen processing), indicative of a general
immunosuppressive property (Figure 4.19.). Dendrimer 32 also downregulated the chemokine
receptor CCR2, which is often used as a marker for M1 (pro-inflammatory state)[*'°2% and
upregulated CD206, a mannose receptor used as marker for M2 (anti-inflammatory state).[?!]
Similar but weaker effects occurred with analogs D-32 and Ac32 although they did not induce
IL-1Ra release. By contrast, GA upregulated CD14, CD16 and CD68, but did not affect HLA-
DR, CCR2 or CD206. Under LPS-activated conditions on the other hand the levels of all
surface markers were strongly enhanced in non-treated cells but downregulated by the

dendrimers and GA alike.

PBMC of healthy donors were obtained by Ficoll density gradient centrifugation. Cells
were incubated for 1 h in presence or absence of LPS (100 ng/mL) in 6-well plates, 4x10°
cells/well, then with GA, selected dendrimers (50 pg/mL) or without any treatment for 18 h.
After incubation cells were detached, washed twice with staining buffer (0.5% BSA in 1x PBS)
and stained according to manufacture protocols for 30 min on ice with following antibodies:
CD14 - PE, CD16 - BV605, HLA-DR - BVv421, CD68 — PECy7, CCR2 — BV711, CD206 —
APC (Figure 4.12.). After two washes with staining buffer, samples were a acquired on LSR II

SORP H274 and analyzed using FlowJo software.
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Figure 4.13. Flow cytometry dot plot showing the difference in CD14 expression on PBMC

of a healthy donor in response on the treatment (50 pg/mL) with the dendrimers and GA or
without treatment (NT) in absence of LPS for 18 h.

CD14 was diminished for active dendrimer 32 and remained constant for inactive

dendrimers and untreated samples in absence of LPS. By contrast to the dendrimers, GA

significantly upregulated CD14 in absence of LPS. Nevertheless, in presence of LPS we

observed downregulation of CD14 for our active dendrimer 32 higher than for GA (Figure

4.13).

CD16 was significantly downregulated for both neutral and inflammatory conditions

compared to untreated sample in case of treatment with GA and dendrimers (Figure 4.14).

Interestingly, the inactive dendrimers Ac32 and D-32 retained some activity towards

downregulation, but not for the IL-1Ra system.
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Figure 4.14. Flow cytometry dot plot showing the difference in CD16 expression on PBMC of
a healthy donor in response to the treatment (50 pg/mL) with the dendrimers and GA or without
treatment (NT) in absence of LPS for 18 h.

CD68 was upregulated for GA in neutral conditions and downregulated for active
dendrimers. In case of LPS activation both active dendrimer and GA downregulated the
expression. Inactive dendrimers remained similar activity to the not treated sample (Figure
4.15)).

CCR2 remained unaffected for the neutral conditions. By contrast, the action of GA
and active dendrimer 32 was alike, resulting in downregulation of the CCR2 (Figure 4.16).

Inactive controls were not affecting the surface marker and were similar to untreated control.

Similarly to CCR2, HLA-DR was unaffected in the absence of LPS for GA and
dendrimer 32. In the presence of LPS the expression was downregulated for GA, 32 and D-32,
and remained untouched for the inactive dendrimer Ac32 (Figure 4.17.).
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Figure 4.15. Flow cytometry dot plot showing the difference in CD68 expression on PBMC of
a healthy donor in response to the treatment (50 pg/mL) with the dendrimers and GA or without
treatment (NT) in absence of LPS for 18 h.
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Figure 4.16. Flow cytometry dot plot showing the difference in CCR2 expression on PBMC of
a healthy donor in response to the treatment (50 pg/mL) with the dendrimers and GA or without
treatment (NT) in absence of LPS for 18 h.
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Figure 4.17. Flow cytometry dot plot showing the difference in HLA-DR expression on PBMC

of a healthy donor in response to the treatment (50 pg/mL) with the dendrimers and GA or

without treatment (NT) in absence of LPS for 18 h.

In contrast to the previously observed markers, CD206 belongs to the markers which

are characteristic for M2 anti-inflammatory phenotype. Here in neutral conditions, we observe

a significant upregulation for our active dendrimer 32. D-32, its analog exhibit slight increase

in upregulation, at the same time, GA did not affect CD206 expression or downregulate it

compared to untreated control. In presence of LPS all the samples downregulated CD206

(Figure 4.18.).
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Figure 4.18. Flow cytometry dot plot showing the difference in CD206 expression on PBMC
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of a healthy donor in response to the treatment (50 pg/mL) with the dendrimers and GA or
without treatment (NT) in absence of LPS for 18 h.
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Figure 4.19. Flow cytometry dot plot showing the difference in CD14 expression on PBMC of
a healthy donor in response on the treatment (50 pg/mL) with 32 (a), GA (b), or without
treatment (c) in the absence of LPS for 18 h. Heatmap of surface markers expression in
response on treatment with active dendrimer 32, GA, inactive dendrimers D-32 and Ac32 in
the absence (d) and presence of LPS (100 ng/mL) (e). Data is presented as a mean £ SD, n =

2 independent experiments.

Flow cytometry experiment showed that general activity of monocytes was inhibited,
hence the most of receptors were down regulated for dendrimer 32 in the absence or the
presence of LPS except to CD206 which was upregulated in neutral conditions (Figure 4.19.).
Downregulation suggests of reduction of the monocyte’s activity, which suggests alternative
activation of the monocytes in response to our dendrimers. The action of the active dendrimer
32 and GA not consistent in absence of LPS. All surface markers except CD206 were
upregulated which suggests about different action. In the presence of LPS the activity of

monocytes was downregulated for both GA and the dendrimers. Interestingly, while the
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inactive dendrimer Ac32 was acting equally to not treated sample. D-32, an analog built from

D-amino acids, exhibit similar patterns in the activity to the dendrimer 32, albeit much weaker.

4.9. Conclusion

Here we conducted detailed analysis of the biological action of the dendrimers and GA
on primary human monocytes and PBMS. We confirmed that our dendrimers are not toxic in
the range of concentration applied to them. At the same time, we discovered the working
concentration for the dendrimers, to obtain the most reliable results.

While performing our screening and optimizing the conditions, we have noticed, that
amounts of secreted IL-1Ra differed for both treated and untreated samples. We discovered
that there is a strong donor dependency similarly to IL-27 and amounts of the secreted
cytokines can differ from 1 ng to 10 ng. Normalization using the base levels of each donor

partially mitigated this problem.

We also confirmed induction IL-1Ra on mRNA levels. Together with inhibition of
TNF-a and IL-1p the results suggest about M2 phenotypical shift in response on treatment with

our dendrimers.

To visualize the distribution of our dendrimers within cells, we prepared fluorescently
labeled analogs of some selected active and inactive dendrimers. Confocal images revealed the
higher localization on the membrane and in the endosomes. Immunostaining provided us a
reliable readout about primary interaction of our dendrimers to APC. Among all the PBMCs,

we observed the preferred localization of our dendrimers was in monocytes.

Finally, flow cytometry data showed general inhibition of activity for monocytes,
which can be evidence of M2 shift and immunomodulatory activity of our dendrimers

consistent with a possible.

76



5. General conclusion

Aiming to discover a well-defined compound with immunomodulatory properties
similar to GA, we designed and synthesized in total 101 peptides and peptide dendrimers. Since
the lower size range for GA is barely reachable by either synthesis on the solid support or in
solution, here we mostly focused on dendrimer structure. By growing the compounds by
concurrently extending multiple branches at higher dendrimer generation, we could easily
achieve size of the target copolymers. Keeping in mind, that GA is hydrolyzed at the site of
injection, we also prepared shorter sequences of linear peptides and peptide dendrimers. The

design of the sequences was performed manually and by creating a virtual library in silico.

As an activity screen, we controlled secretion of IL-1Ra on primary monocytes, which
pointed out two active sequences 32 and 34. The SAR indicated, that the molecular weight
plays an important role, since only the largest dendrimers exhibited the activity and the 32G2
analog of the active dendrimer 32 had completely lost its activity. At the same time, the loss of
activity was observed in the case of N-terminal modification for Ac32, Fum32, Ac34, Fum34.
Activity was also lost with D-32 and D-34 enantiomers, however the stereorandomized analogs
sr-32 and sr-34 remained active, which suggests that the secondary structure is not required for
the activity. Remarkably, substitution of the “GLAT” amino acids by similar ones did not lead

to the abolishment of the activity, opening another avenue for generating analogues.

After we discovered the SAR, we decided to investigate biological effects of our
dendrimers in comparison to GA. We have shown that monocytes, but not leukocytes are the
primary cells to response on the treatment. That was confirmed by ELISA assay of IL-1Ra
secretion, where only the monocytes were secreting the cytokine. On the other hand, the
immunostaining indicated the fluorescently labelled dendrimers diffused in the membrane of
the monocytes and did not interfere with T cells. Next, we determined the action of the
dendrimers on monocytes of different donors, evidencing significantly different levels of
secreted cytokines in different samples. However, in all cases we observed upregulation of
cytokines characteristic to M2 anti-inflammatory phenotypical shift. In addition, using gRT-
PCR we showed inhibition of the proinflammatory response (such us IL-1Ra and TNF-a) in
the presence of LPS and enhanced production of IL-1Ra for both inflammatory and neutral
conditions. To confirm the M2 shift of the monocytes, we controlled the expression of the
typical surface markers. We observed a significant downregulation of the activity (CD14,
CD16, CD68, CCR2, HLA-DR receptors) in response on the treatment with our active
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dendrimer 32. At the same time, secretion of the M2 marker CD206 was enhanced in neutral

conditions, suggesting M2 phenotyping.

To directly observe interactions between monocytes and our dendrimers, we prepared
fluorescent labelled analogs of the active dendrimer and its inactive derivatives. We observed
the increased distribution of our dendrimers on the membrane and in the endosomes, which
suggests the activation occurring at the surface. The inactive dendrimer 35FI was not present
on the surface of the treated monocytes, however the inactive dendrimers D-32 and Ac32 were
present on the membrane but did not trigger the activity. That observation suggests that affinity
to the membrane is required for the activity, nevertheless it might not be sufficient to trigger a
response.

To conclude, here we present, for the first time, analogs for GA as a fully defined and
well characterized peptide dendrimer. Peptide dendrimers are the convenient choice to solve
the problem of synthesis of the peptide with the size of GA, especially since we have several
hints that indicate that the exact secondary structure does not play a significant role in the
modulation of the activity. Considering the immunomodulatory properties, well defined
sequence and lack of cellular toxicity, dendrimer 32 could be a suitable starting point to develop

new immunomodulatory compounds.
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6 Outlook

6.1. More investigations

6.1.1. Mechanistic investigation on the cellular level

We described an immunomodulatory peptide dendrimer, which was inspired from
Glatiramer acetate. Since the mechanism of action of GA remained an unsolved issue, we took
advantage of the well-defined structure of our dendrimers combined with the use fluorescent
labels to provide more insights at the cellular level. We discovered that the dendrimers affect
CD14 cells, which results in appearance of some new populations of monocytes. To understand
better the nature of those cells by using the fluorescence activated cell sorting, we could
separate dendrimer-activated cells (Figure 6.1.). Detailed sequencing of these populations
could help us with understanding of the pathways, which are triggered for the
immunomodulation.
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Figure 6.1. Flow cytometry dot plot in response on treatment with fluorescein labelled
dendrimers (50 pg/mL), showing the appearance of new subsets on PBMC of a healthy donor
(a-d) and the absence of the subsets in response in treatment with inactive dendrimers (e-h) in
the presence or the absence of LPS for 18 h. Images are present for 32FI in pseudocolor (a-b)
and with color axis for the concentration of CD14 (c-h).
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6.1.2. Action of the dendrimers on the blood cells of MS patients

We observed effects of our dendrimers on the blood cells of healthy donors, mimicking
inflammatory conditions by the LPS stimulation. However immune cells of the MS patient
differ significantly from the healthy donors, exhibiting higher numbers of inflammatory
activated Thl Th17 cells together with pro-inflammatory monocytes. As a next step it is
important to prove our dendrimer not only affects LPS activated monocytes, but also the

autoimmune inflammation, caused by MS.

Observing the action of our active dendrimer and comparing the effect to GA would be
a first step in comparison of the biological properties. Next, fluorescently labeled analogs could

be challenged in terms of surface markers expression and distribution within the cells.

6.1.3. Investigation in animal model (EAE)

Experimental autoimmune encephalomyelitis (EAE) is a clinically relevant murine
model of MS, hence many of pathologies, which have been observed in the CNS of mice with
EAE are similar to those in the CNS of MS patients. Similarly to MS, EAE is characterized by
the immune cells infiltration into the CNS and initiation of demyelination. Inflammatory-
polarized macrophages, T cells, T killers, monocytes after crossing the BBB secrete pro-

inflammatory cytokines increasing the inflammation and demyelination.

As we mentioned previously, the activity of GA was discovered on mice model, since
GA was expected to enhance the EAE. Opposite to the expectations, GA acted by protecting
from the development of the disease. Here it would be interesting to see whether our dendrimer
could suppress acute EAE in mice similarly to GA. Assessing not only on the survival rates,
but also the number of the new lesions in the CNS together with the monitoring of the blood
cells polarization could provide a reliable readout for the anti-inflammatory properties of our

dendrimers.
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7. EXperimental Part

7.1. Materials and reagents

All reagents, salts and buffers were used as purchased from Merc, Fluorochem Ltd, Iris
Biotech Gmbh, GL Biochem. Amino acids were used as the following derivatives: Fmoc-Ala-
OH, Fmoc-Glu(t-Bu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys(Fmoc)-OH,
Fmoc-Tyr(t-Bu)-OH and purchased by Iris Biotech GmbH or GL Biochem. Tentagel S RAM
resin was purchased from Rapp Polymere GmbH (loading: 0.24 mmol-g—1). Rink Amide AM
LL was purchased from Novabiochem (loading: 0.26 mmol-g—1). Fmoc-Ala-Wang LL resin,
Fmoc-Glu(t-Bu)-Wang LL resin, Fmoc-Lys(Boc)-Wang LL resin, Fmoc-Tyr(t-Bu)-Wang LL
resin were purchased from Novabiochem and Merc (loading: 0.32 mmol-g—1), resins were used
for manual solid phase peptide synthesis, by CEM Liberty Blue Automated Microwave Peptide
Synthesizer or by semi-automated peptide synthetizer. OxymaPure (ethyl cyanoglyoxylate-2-
oxime) and DIC (N,N’ -diisopropyl carbodiimide) was used for peptide coupling. Peptide
dendrimers synthesis was performed manually in polypropylene syringes fitted with a
polyethylene frit, a Teflon stopcock and stopper or automatically by CEM Liberty Blue

Automated Microwave Peptide Synthesizer or glass syringes fitted with a polyethylene frit.

Analytical RP-HPLC was performed with an Ultimate 3000 Rapid Separation LC-MS
System (DAD-3000RS diode array detector) using an Acclaim RSLC 120 C18 column (2.2
um, 120 A, 3x50 mm, flow 1.2 mL/min) from Dionex. Data recording and processing was
done with Dionex Chromeleon Management System Version 6.80 (analytical RP-HPLC). All
RP-HPLC were using HPLC-grade acetonitrile and Milli-Q deionized water. The elution
solutions were: A Milli-Q deionized water containing 0.05% TFA; D Milli-Q deionized
water/acetonitrile (10:90, v/v) containing 0.05% TFA. Preparative RP-HPLC was performed
with a Waters automatic Prep LC Controller System containing the four following modules:
Waters2489 UV/Vis detector, Waters2545 pump, Waters Fraction Collector 11l and Waters
2707 Autosampler. A Dr. Maisch GmbH Reprospher column (C18-DE, 100x30 mm, particle
size 5 um, pore size 100 A, flow rate 40 mL/min) was used. Compounds were detected by UV
absorption at 214 nm using a Waters 2487 Tunable Absorbance Detector. Data recording and
processing was performed with Waters ChromScope version 1.40 from Waters Corporation.
All RP-HPLC were using HPLC-grade acetonitrile and Milli-Q deionized water. The elution
solutions were: A: Milli-Q deionized water containing 0.1% TFA; D: Milli-Q deionized

water/acetonitrile (10:90, v/v) containing 0.1% TFA. MS spectra were recorded on a Thermo
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Scientific LTQ OrbitrapXL. MS spectra were provided by the MS analytical service of the
Department of Chemistry and Biochemistry at the University of Bern (group PD Dr. Stefan
Schirch).

7.2. Peptide Dendrimer Synthesis
7.2.1. Manual solid phase peptide synthesis

Manual solid phase synthesis was performed in 10 mL polypropylene syringes with
porous polyethylene filters and Teflon caps. Stirring of the reaction mixture at any given step
was performed by attaching the closed syringe to a rotating axis. For synthesis 300 mg of
TentaGel S RAM resin (loading: 0.24 mmol-g™*) or Fmoc-Wang LL preloaded resin, (loading:
0.32 mmol-g 1) was swollen in DCM for 20 min. Then, the following conditions were used:

Deprotection of Fmoc group

For deprotection at each step the Fmoc protecting group was removed with 8 mL of
piperidine/DMF (1:4, v/v) for 30 min. After filtration the resin was washed with DMF (3 x 6
mL), MeOH (3 x 6 mL) and DCM (3 x 6 mL).

Coupling of Fmoc-protected aminoacids

For coupling 5 eq. of Fmoc-protected amino acid, 5 eq. OxymaPure and DIC 5 eq. in
DMF were added to the resin and the reaction was stirred for 90 min. The couplings were
repeated according to the generations and performed once for the 0™ generation, twice for the
1% generation, three times for the 2" generation, four times for 3" generation. After filtration
the resin was washed with DMF (3 x 6 mL), MeOH (3 x 6 mL) and DCM (3 x 6 mL).

7.2.2. Automated solid phase peptide synthesis

Automated microwave synthesis was performed with Liberty Blue CEM synthesizer
under SPPS conditions at 0.25 mmol scale. Was used 180 mg Rink Amide AM LL (loading:
0.26 mmol-g™?) resin or Fmoc-Ala-Wang LL resin, Fmoc-Glu(t-Bu)-Wang LL resin, Fmoc-
Lys(Boc)-Wang LL resin, Fmoc-Tyr(t-Bu)-Wang LL resin (loading: 0.32 mmol-g™1). The resin
was swollen in DMF/DCM 50:50 for 15 min at R.T.

Deprotection of Fmoc group.

For deprotection at each step the Fmoc protecting group was removed with 5 mL of
piperidine/DMF (1:4, v/v) for 2 min at 75 °C. After filtration, the resin was washed 5 times
with 5 mL DMF.
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Coupling of Fmoc-protected amino acids.

For coupling 5 eq. of Fmoc-protected amino acid, 5 eq. of Oxyma and 5 eq. of DIC all
at a concentration of 0.2 M, were used as coupling reagents in 4 mL of DMF. The reaction was
stirred for 5 minutes at 75 °C. The resin was then washed with 4 mL DMF 4 times. The
couplings were repeated according to the generations and performed once for the 0" generation,
twice for the 1% generation, four times for the 2" generation. For 3' generation synthesis was

performed manually.

7.2.3. Semi-automated solid phase peptide synthesis

Semi-automated synthesis was performed with an in-house built synthetzer consisting
of a heating element, keeping the temperature at 50 °C, glass reaction vessels and a vacuum
operated filtration system. For each synthesis 300 mg of Rink Amide AM LL (loading: 0.26
mmol-g~!) resin or Fmoc-Ala-Wang LL resin, Fmoc-Glu(t-Bu)-Wang LL resin, Fmoc-
Lys(Boc)-Wang LL resin, Fmoc-Tyr(t-Bu)-Wang LL resin (loading: 0.32 mmol-g™*) was used.
The resin was swollen in DMF/DCM 50:50 for 15 min at R.T. During all the steps the resin

was mixed by passing N2 through the syringes.
Deprotection of Fmoc group.

For deprotection at each step the Fmoc protecting group was removed with 5 mL of
piperidine/DMF (1:4, v/v) for 5 min at 50 °C twice. After filtration, the resin was washed 5
times with 5 mL DMF.

Coupling of Fmoc-protected amino acids.

For coupling 5 eq. of Fmoc-protected amino acid, 5 eq. of Oxyma and 5 eq. of DIC all
at a concentration of 0.2 M, were used as coupling reagents in 4 mL of DMF. The reaction was
stirred for 15 minutes at 50 °C. The resin was then washed with 4 mL DMF 4 times. The
couplings were repeated according to the generations and performed twice for the 0-2"

generation, four times for the 3" generation.

7.2.4. Cleavage and Purification
The cleavage was carried out by treating the resins with 7 mL of TFA/i-
PrsSiH/DOTT/H20 (94:2.5:2.5:1, viviviv) solution for 4 h. The peptide solutions were
precipitated with 40 mL of TBME, centrifuged for 10 min at 3500 rpm, evaporated and dried
under high vacuum for 60 min. The crude was then dissolved in a HoO/CH3CN (10/1, v/v)
mixture, some drops of MeOH added when needed and purified by preparative RP-HPLC. The
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fractions of the crudes were then lyophilized. Yields are given as SPPS total yields. In all cases,

yields are calculated for the corresponding TFA salts.

7.2.5. Coupling of peptide dendrimers in solution

Fluorophore labelled peptide dendrimers.

Peptide dendrimer (1 eq., 5-10 mg) was solubilized NHsHCO3 (50 mM) solution. Then,
fluorescein diacetate 5-maleimide (FI, 1.1 eq., 0.5-1 mg), 7-diethylamino-3-(4-
maleimidophenyl)-4-methylcoumarin (Coum 1.1 eq, 0.5-1 mg) were solubilized in 500 pL
acetonitrile and added dropwise to the stirring solution. Reaction stirred at RT for 2 h,
lyophilized and purified by preparative HPLC. Yields are given for the coupling step. In all

cases, yields are calculated for the corresponding TFA salts.
Dimerization of peptide dendrimers.

Peptide dendrimer (2 eq., 10-20 mg) was solubilized NHsHCO3 (50 mM) solution.
Then, reaction stirred for 24 h, lyophilized and purified by preparative HPLC. Yield is given

for the coupling step and calculated for the corresponding TFA salt.
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7.3. Cell culture and Isolation of human primary monocytes

7.3.1. Materials for bioassays

Glatiramer acetate (GA) was purchased from Brunschwig AG. Ficoll-Paque PLUS
solution was purchased from GE Healthcare. Hanks™ Balanced Salt Solution (HBSS) was
purchased from Gibco. RPMI-1640 Medium, heat-inactivated Fetal Bovine Serum (FBS),
streptomycin, penicillin, PBS tablets, Lipopolysaccarides from Escherichia coli O111:B4,
MRNA extraction Single Cell RNA Purification Kit, AlamarBlue, Percoll density gradient,
BSA extra pure, DEPC, Poly-L-Lysine were purchased from Sigma Aldrich. dNTP Mix 10
mM each, Superscript IV Reverse Transcriptase, RNaseOU Recombinant Ribonuclease
Inhibitor, Random Hexamers, PowerUp™ SYBR™ Green Master Mix, IL-1Ra ELISA Kkit,
Hoechst 33258, Cell Mask Deep Red were purchased from Termo Fisher Scientific. Pre-
Separation filters, 30 um, Classical Monocyte Isolation Kit, CD14-FITC, Anti-Biotin-PE,
autoMACS Rinsing Solution, MACS BSA Stock Solution, LC MidiMACS Separator, MACS
MultiStand, LS Columns were purchased from MACS, Miltenyi Biotec. PE Mouse Anti-
Human CD14, BV605 Mouse Anti-Human CD16 Clone 3G8, PE-Cy™7 Mouse Anti-Human
CD68 Clone, Y1/82A, BV711 Mouse Anti-Human CCR2 (CD192) LS132.1D9, BV421 Rat
Anti-Human CX3CR1 Clone, 2A9-1, APC Mouse Anti-Human CD206 Clone 19.2, BV421
Mouse Anti-Human HLA-DR, DP, DQ, Clone Tu39 were purchased from BD Bioscieces.
Glycergel Mounting Medium was purchased from Agilent. 8 Chambered Coverglass System
CellVis was purchased from IBL Baustoff+Labor GmbH.

7.3.2. Extraction of peripheral blood mononuclear cells (PBMC)
Anticoagulant-treated blood was obtained from Interregional Blood Transfusion SCR

Ltd. Bern in blood bags 45 mL each. In accordance with the ethical committee of the
Interregionale Blutspende SRK AG obtained informed consent from the healthy donors, who
are thus informed that part of their blood will be used for research purposes. Blood was diluted
twice with HBSS and carefully overlayed on 20 mL of the Ficoll-Paque PLUS medium (1.077
g/ml). After centrifugation (400xg, 30 min, 20 °C) buffy coat at the interface was collected,
washed with 40 mL of RPMA-1640 supplemented with 10% heat-inactivated FBS, 50 g/mL
streptomycin, 50 U/mL penicillin, 2 mM glutamine, (RPMI supplemented). After
centrifugation (200xg, 7 min, 20 °C) sedimented cells were diluted with RPMI-1640
supplemented and overlayed for second time over 20 mL of the Ficoll-Paque PLUS medium
and centrifuged at the same conditions. PBMC collected from the interface were washed 3

times with supplemented RPMI.
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7.3.3. Monocytes purification using magnetic beads labelling Isolation KIT

I
Monocytes were purified from whole PBMC by negative selection, all procedures were

carried out according to manufacturer protocol. Briefly, the non-monocytes were labelled with
a cocktail of biotin-conjugated monoclonal antibodies as a primary labelling reagent. Then as
a secondary labelling reagent were used anti-biotin microbeads. The mixture was run through
the MACS column (MACS, Miltenyi Biotech) in the magnetic field of a MACS Separator
(MACS, Miltenyi Biotech). In this case, non-monocytes are retained in the column and the
unlabelled monocytes pass through the column. The purity of the monocytes was checked by
fluorescent microscopy counterstaining with CD14-FITC. In the same way, the presence of the
non-monocytes can be verified by staining with fluorochrome-conjugated anti-biotin antibody
(Anti-Biotin-PE, AntiBiotin-APC).

7.3.4. Monocytes enrichment using Percoll gradient centrifugation

Monocytes enriched fraction was obtained from PBMC by hyper-osmotic Percoll
solution[, Briefly, for 100 mL of solution, 48.5 mL of Percoll, 41.5 mL of water and 10.0 mL
of 1.6 M NaCl were mixed. 150-200x108cells were overlayed over 10 min of density medium
and centrifuged at 580 g for 15 min. Cells at the interface were collected and washed 2 times

with RPMI supplemented.

7.4. Cell Viability assay by AlamarBlue

PBMC (5x10%ells/200 uL; 96-well plates) were incubated in presence of peptide
dendrimers (100 pg/mL, 50 pg/mL, 25 pg/mL and 12.5 pg/mL) for 24 h in in RPMI-1640
medium supplemented with 10% heat-inactivated FBS, 50 pg/mL streptomycin, 50 U/mL
penicillin, 2 mM L-glutamine, and 5 pg/mL. After the incubation 25uL of AlamarBlue was
added to each well and cells were incubated for additional 12h. Then, plates were measured on
a Tecan Infinite M1000 Pro plate reader at Aex= 560 nm and Aem= 590 nm and value normalized

to the one of untreated cells.

7.5. Cytokine production

7.5.1. Enzyme-linked immunosorbent assay (ELISA)

Monocytes (5x104 cells/200 uL well; 96-well plates) were preincubated for 1 h with or
without compounds in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 50
pg/mL streptomycin, 50 U/mL penicillin, 2 mM L-glutamine, and 5 pg/mL polymyxin B
sulfate and then cultured for 48 h in the presence or absence of LPS (100 ng/mL) (2). The
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production of IL-1Ra was measured in culture supernatants by commercially available enzyme

immunoassay according to manufacture protocol.

7.5.2. mMRNA Quantification

Enriched monocytes after Percoll centrifugation (4x10° cells/3 mL well; 6-well plates)
were preincubated for 1 h with or without compounds in RPMI-1640 medium supplemented
with 10% heat-inactivated FBS, 50 ug/mL streptomycin, 50 U/mL penicillin, 2 mM L-
glutamine, and then incubated for the indicated duration. After the incubation cells were
collected, total RNA was extracted, reverse transcribed and analysed by SYBR Green Master
Mix. As a housekeeping gene was used Actin 5'-CAC TGG GGG CTA CTG GAC-3, 3-AAC
ATG GTG TTG GCA GAA ACT-5', IL-1Ra5-TTC CTG TTC CAT TCA GAG ACG-3, 3-
CTT CTG GTT AAC ATC CCA GAT TC-5".

7.6. Confocal Microscopy

7.6.1. Membrane and nucleus staining

8-well chambered coverglass plates were treated with poly-L-Lysine for 30 min, dried
at RT for 2 h. Monocytes were plated at 2x10° cells/300 pL per well and incubated for the
indicated duration with dendrimers in presence or absence of LPS at 37 °C in a humidified
atmosphere in 5% carbon dioxide following the removal of the full growth medium. Then, cells
were washed with warm PBS twice and the cell membrane was labelled with CellMask Deep
Red plasma membrane stain in PBS (0.25 pL in 0.25 mL/well) and nucleus was stained with
Hoechst 33258 in PBS (0.25 pL in 0.25 mL/well) for 30 min at 37 °C. After the incubation
cells were washed with PBS twice and prewarmed Glycergel Mounting Medium was added.
Images were taken on a Zeiss LSM 880 confocal microscope with Oil compatible lens x63/1.3.

7.6.2. Immunostaining of PBMCs

PBMC 2x10* cells/50 were pL per well and incubated for 24 h in 364-well plates in
presence of stimuli or without and selected dendrimers at 37 °C in a humidified atmosphere in
5% carbon dioxide following the removal of the full growth medium. Then, cells were washed
with warm PBS twice and stained with anti-CD3 conjugated to APC and anti-CD14 conjugated
with PE according to manufacture protocols for 12 h. Images were taken in The CeMM
Research Center for Molecular Medicine of the Austrian Academy of Sciences on the

“Pharmacoscopy platfom”.
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7.7. Flow Cytometry experiments

PBMC of healthy donors were obtained by Ficoll density gradient centrifugation. Cells
were incubated for 1 h in presence or absence of LPS (100 ng/mL) in 6-well plates, 4x10°
cells/well, then with GA, selected dendrimers (50 pg/mL) or without any treatment for 18 h.
After incubation cells were detached, washed twice with staining buffer (0.5% BSA in 1x PBS)
and stained according to manufacture protocols for 30 min on ice with following antibodies:
CD14 - PE, CD16 - BV605, HLA-DR - BVv421, CD68 — PECy7, CCR2 — BV711, CD206 -
APC. After two washes with staining buffer, samples were a acquired on LSR 1l SORP H274
and analysed using FlowJo software.

7.8. CD Spectroscopy

Circular dichroism (CD) experiments were measured on a Jasco J-715
Spectropolarimeter. All the experiments were performed using Hellma Suprasil 110-QS 0.1 cm
cuvettes. For each peptide, the measurements were performed in phosphate buffer (PB, pH=7.2,
8 mM) and in the presence of 5 mM dodecylphosphocholine. The concentration of the peptides
was 100.0 pg/mL and each sample was measured using one accumulation. The scan rate was
10 nm/min, pitch 0.5 nm, response 16 sec and bandwidth 1.0 nm. The nitrogen flow was kept
>8.5 L/min. After each measurement, the cuvettes were washed successively with 1 M HCI,
milli-Q H20 and PB buffer. The baseline was recorded under the same conditions and

subtracted manually.
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8. Synthesis, HPLC and MS Data for all Dendrimers

1 (AAKEYAAEKK-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (30.5 mg, 34.6 pmol, 54.1%). Analytical RP-
HPLC: tr=1.17 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C49Hg1N13016
calc./obs. 1107.5924/1107.5907 Da [M].

Acl (AcCAAKEYAAEKK-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (23.6 mg, 29.4 umol, 43.9%). Analytical
RP-HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Cs1Hs3N13017 calc./obs. 1149.6030/1149.6007 Da [M].

ClAcl (CIAcCAAKEYAAEKK-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (25.2 mg, 30.0 umol, 45.8%). Analytical
RP-HPLC: tr=1.29 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Cs1Hs2ClI1N13047 calc./obs. 1183.5640/1183.5634 Da [M].

2 (EYAAKKEKAA-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (61.6 mg, 35.0 pumol, 54.7%). Analytical RP-
HPLC: tr=1.16 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C49Hg1N13016
calc./obs. 1107.5924/1107.5929 Da [M].

Ac2 (AcCEYAAKKEKAA-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (50.6 mg, 34.4 umol, 51.4%). Analytical
RP-HPLC: tr=1.24 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Cs1HgaN13017 calc./obs. 1149.6030/1149.6019 Da [M].

ClAc2 (CIAcEYAAKKEKAA-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (27.5 mg, 32.8 umol, 50.0%). Analytical
RP-HPLC: tr=1.30 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Cs1Hg2Cl1N13017 calc./obs. 1183.5640/1183.5634 Da [M].

3 (YAEKEKAKAA-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (41.1 mg, 36.7 pumol, 54.2%). Analytical RP-
HPLC: tr=1.16 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C49Hg1N13016
calc./obs. 1107.5924/1107.5916 Da [M].

CIAc3 (CIAcY AEKEKAKAA-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (41.1 mg, 36.8 umol, 56.1%). Analytical
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RP-HPLC: tr=1.31 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Cs1He2CliN13017 calc./obs. 1183.5640/1183.5634 Da [M].

4 ((A)sKYKACA-NH2) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (74.0 mg, 28.8 pmol, 40.2%). Analytical RP-
HPLC: tr=1.12 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C3sHe1N1109S
calc./obs. 823.4474/823.4375 Da [M].

5 ((AE)2KAEYCA-NH2) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (59.5 mg, 44.9 pmol, 58.9%). Analytical RP-
HPLC: tr=1.24 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C45sH70N12017S
calc./obs. 1082.4703/1082.4696 Da [M].

6 ((AEE)2KAEYCA-NH2) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (69.6 mg, 31.5 pumol, 50.0%). Analytical RP-
HPLC: tr=1.28 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): Cs5HgaN14023S
calc./obs. 1340.5554/1340.5552 Da [M].

7 (KA)4(KAYE)2KK-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (77.2 mg, 11.3 pumol, 34.8%). Analytical RP-
HPLC: tr=1.02 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): CgsH160N26025
calc./obs. 2053.2048/2053.2054 Da [M].

Ac7 ((AcKA)4(KAYE):KK-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (23.6 mg, 6.3 pmol, 17.6%). Analytical RP-
HPLC: tr=1.29 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C102H168N26029
calc./obs. 2221.2471/2221.2492 Da [M].

CIAc7 ((CIAcKA)4(KAYE)2KK-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (106.0 mg, 13.7 umol, 40.2%). Analytical
RP-HPLC: tr=1.37 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C102H164Cl4N26029 calc./obs. 2357.0912/2358.0922 Da [M].

8 ((KA)4(KEYA):KKAK-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (25.8 mg, 6.0 umol, 20.3%). Analytical RP-HPLC:
tr=1.19 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C103H177N29O27
calc./obs. 2252.3369/2252.3399 Da [M].
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Ac8 ((AcKA)4(KEYA)KKAK-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (10.8 mg, 3.1 pumol, 9.7%). Analytical RP-
HPLC: tr=1.13 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C111H185N29031
calc./obs. 2420.3791/2420.3812 Da [M].

CIAc8 ((CIAcKA)4(KEYA):KKAK-OH) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (9.3 mg, 2.5 pmol, 8.0%).
Analytical RP-HPLC: tr=1.16 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C111H181Cl4N2903; calc./obs. 2556.2232/2556.2228 Da [M].

9 ((AK)4(KKYE)KAAA-OH) was obtained from the CEM Liberty Blue synthetizer as foamy
colourless solid after preparative RP-HPLC (12.2 mg, 2.8 umol, 9.6%). Analytical RP-HPLC:
tr=1.20 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C103H177N29027
calc./obs. 2252.3369/2252.3332 Da [M].

Ac9 ((AcAK)4(KKYE)2KAAA-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (10.4 mg, 2.9 pumol, 8.9%). Analytical RP-
HPLC: tr=1.28 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C111H185N29031
calc./obs. 2420.3791/2420.3770 Da [M].

10 ((AYK)4(KE).KKAA-OH) was obtained after manual synthesis as foamy colourless solid
after preparative RP-HPLC (34.8 mg, 8.3 umol, 28.4%). Analytical RP-HPLC: tr=1.23 min
(100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C112H178N2g029 calc./obs.
2379.3315/2379.3345 Da [M].

Acl10 ((AcAYK)a(KE)2KKAA-OH) was obtained after manual synthesis as foamy colourless
solid after preparative RP-HPLC (50.2 mg, 9.6 pumol, 28.4%). Analytical RP-HPLC: tr=1.36
min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C120H18sN2s033 calc./obs.
2547.3315/2547.3775 Da [M].

11 ((AKA)4(KKEY)2KE-OH) was obtained after manual synthesis as foamy colourless solid
after preparative RP-HPLC (24.3 mg, 4.9 umol, 17.6%). Analytical RP-HPLC: tr=1.20 min
(100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C111H189N3:1031 calc./obs.
2452.4166/2452.4170 Da [M].

Acll ((AcAKA)4(KKEY)2KE-OH) was obtained after manual synthesis as foamy colourless
solid after preparative RP-HPLC (49.3 mg, 9.4 umol, 31.1%). Analytical RP-HPLC: tr=1.30
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min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C119H197N31035 calc./obs.
2620.4588/2620.4615 Da [M].

ClAcll ((CIACAKA)4(KKEY)2KE-OH) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (43.4 mg, 9.4 umol, 32.3%). Analytical RP-HPLC:
tr=1.37 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C119H193CI4sN3103s5
calc./obs. 2756.3029/2756.3066 Da [M].

12 ((AKA)4(KEK)2KYEY-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (34.2 mg, 7.4 umol, 26.4%). Analytical RP-
HPLC: tr=1.23 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C111H189N31031
calc./obs. 2452.4166/2452.4208 Da [M].

Acl2 ((AcAKA)4(KEK)2KYEY-OH) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (25.0 mg, 6.4 umol, 21.0%). Analytical RP-
HPLC: tr=1.31 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C119H197N31035
calc./obs. 2620.4588/2620.4627 Da [M].

13 ((KAA)4(KEKA)2KEKA-NH2) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (169.5 mg, 12.6 umol, 49.3%). Analytical
RP-HPLC: tr=1.21 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C120H207ClsN3503 calc./obs. 2650.5646/2650.5679 Da [M].

ClAcl4 ((CIAcK)4(KAYE):KAKYAEA-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (159.6 mg, 14.6 pmol,
46.1%). Analytical RP-HPLC: tr=1.44 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): C113H178Cl1aN30030 calc./obs. 2575.2079/2577.1828 Da [M].

15 ((KYA)4(KEA):KKKA-OH) was obtained after manual synthesis as foamy colourless solid
after preparative RP-HPLC (87.6 mg, 10.6 pmol, 39.2%). Analytical RP-HPLC: tr=1.24 min
(100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C121H195N310301 calc./obs.
2578.4635/2578.4656 Da [M].

Acl5 ((AcKYA)4(KEA):KKKA-OH) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (88.0 mg, 12.5 umol, 42.7%). Analytical RP-
HPLC: tr=1.19 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C129H203N3103s5
calc./obs. 2746.5058/2746.5094 Da [M].
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ClAc15 ((CIACKYA)4(KEA):KKKA-OH) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (65.3 mg, 8.5 umol, 30.5%). Analytical RP-HPLC:
tr=1.42 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C129H199CI4sN3103s5
calc./obs. 2882.3499/2882.3549 Da [M].

Acl6 ((AcAKA)4(KEY)2KYKK-NH2) was obtained from the CEM Liberty Blue synthetizer
as foamy colourless solid after preparative RP-HPLC (31.7 mg, 13.4 umol, 49.3%). Analytical
RP-HPLC: tr=1.31 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C123H200N32033 calc./obs. 2653.4956/2653.4904 Da [M].

Fuml16 ((FumAKA)4(KEY):KYKK-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (15.0 mg, 6.5 pumol, 23.6%).
Analytical RP-HPLC: tr=1.21 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C115H192N32029 calc./obs. 2485.4533/2485.4561 Da [M].

17 ((AKE)s(KAYA):KKKK-NH2) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (13.5 mg, 2.9 umol, 11.4%). Analytical RP-
HPLC: tr=1.18 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C122H209N35034
calc./obs. 2708.5701/2708.5633 Da [M].

Acl7 ((AcAKE)4i(KAYA):KKKK-NHz2) was obtained from the CEM Liberty Blue synthetizer
as foamy colourless solid after preparative RP-HPLC (13.8 mg, 3.4 pumol, 12.5%). Analytical
RP-HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C130H217N3503g calc./obs. 2876.6124/2876.6340 Da [M].

Fuml7 ((FumAKE)s(KAYA):KKKK-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (13.5 mg, 6.5 umol, 23.6%).
Analytical RP-HPLC: tr=1.48 min (100% A to 100% D in 5 min, A= 214 nm). C146H233N35046
calc./obs. 3212.6969/3212.7355 Da [M].

18 ((K)4(KAYAEY)KAKAEY A-NH2) was obtained from the CEM Liberty Blue synthetizer
as foamy colourless solid after preparative RP-HPLC (108.2 mg, 11.5 pmol, 43.5%).
Analytical RP-HPLC: tr=1.31 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C129H200N32034 calc./obs. 2741.4905/2741.4961 Da [M].

19 ((KAE)4(KAEK)2KYYA-OH) was obtained after manual synthesis as foamy colourless
solid after preparative RP-HPLC (49.3 mg, 7.7 umol, 30.0%). Analytical RP-HPLC: tr=1.23
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min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C123H205N33039 calc./obs.
2768.5072/2768.5122 Da [M].

Acl9 ((AcKAE)«(KAEK)2KYYA-OH) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (4.1 mg, 9.4 umol, 34.1%). Analytical RP-HPLC:
tr=1.29 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C131H213N33043
calc./obs. 2936.5495/2936.5543 Da [M].

ClAc19 ((CIACKAE)«(KAEK)2KYYA-OH) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (91.6 mg, 8.9 umol, 33.8%7). Analytical RP-
HPLC: tr=1.35 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C131H209Cl4N33043 calc./obs. 3072.3936/3072.3961 Da [M].

Ac20 ((AcKAA)4(KYYE)2KAY-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (31.7 mg, 9.1 pumol, 29.5%). Analytical RP-HPLC:
tr=1.47 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C132H199N321036
calc./obs. 2794.4694/2794.4734 Da [M].

ClAc20 ((CIAcKAA)4(KYYE)2KAY-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (29.4 mg, 7.8 umol, 26.3%). Analytical RP-HPLC:
tr=1.51 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C132H195CI4sN31036
calc./obs. 2930.3135/2930.3170 Da [M].

Ac2l ((AcKAK)4(KAEY):KAEA-OH) was obtained from the CEM Liberty Blue synthetizer
as foamy colourless solid after preparative RP-HPLC (3.0 mg, 0.7 umol, 2.3%). Analytical RP-
HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C131H22:N35037
calc./obs. 2876.6488/2876.6463 Da [M].

22 ((AKK)4(KYEK)2KKEA-NH2) was obtained from the CEM Liberty Blue synthetizer as
foamy colourless solid after preparative RP-HPLC (168.3 mg, 12.6 pumol, 49.3%). Analytical
RP-HPLC: tr=1.17 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C120H207N35032 calc./obs. 2650.5646/2650.5678 Da [M].

23 ((AKE)4(KKAY)2KYKY-NH2) was obtained after manual synthesis as foamy colourless
solid after preparative RP-HPLC (25.4 mg, 4.8 umol, 18.6%). Analytical RP-HPLC: tr=1.25
min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C13sH217N35036 calc./obs.
2892.6225/2892.6243 Da [M].
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Ac23 ((AcAKE)s(KKAY)2KYKY-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (35.6 mg, 7.2 umol, 27.9%). Analytical RP-HPLC:
tr=1.32 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C142H225N35040
calc./obs. 3060.6648/3060.6693 Da [M].

ClAc23 ((CIACAKE)4(KKAY)2KYKY-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (8.9 mg, 1.7 umol, 6.7%). Analytical RP-HPLC:
tr=1.37 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C142H221Cl4N35040
calc./obs. 3196.5059/3196.5148 Da [M].

24 ((KYA)4(KAE):KAEYKCA-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (127.7 mg, 14.6 umol, 29.5%). Analytical RP-
HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C135H212N36034S calc./obs. 2913.5687/2915.5439 Da [M].

25 ((KAA)(KEY)KAKEYEYA-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (180 mg, 10.5 pumol, 41.1%). Analytical RP-
HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C134H213N35033
calc./obs. 2920.5811/2920.5847 Da [M].

ClAc26 ((CIAcK)4(KEAKAKEY):KAKEYEY-OH) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (159.9 mg, 4.9 pmol,
22.8%). Analytical RP-HPLC: tr=1.34 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): C161H253C14N3904s calc./obs. 3640.7309/3640.7259 Da [M].

27 ((AK)a(KAEAKAKE)2KKEYEY CA-NH2) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (138 mg, 7.3 umol, 39.1%). Analytical RP-HPLC:
tr=1.30 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C174H285N47050S
calc./obs. 3865.0924/3865.1068 Da [M].

27Coum ((AK)s(KAEAKAKE):KKEYEYC(Coumarin)A-NHz) initial dendrimer was
obtained as foamy white solid after preparative RP-HPLC, then 1eq. Of dendrimer was coupled
with 1.1 eq. of 7-diethylamino-3-[4-(iodoacetamido)phenyl]-4- methylcoumarin in H2O/ACN
solution with NHsHCO3 50 mM buffer, pH 8. (6.1 mg, 9.6 pumol, 55.3%). Analytical RP-
HPLC: tr=1.59 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C108H307N490s4S calc./obs. 4267.2504/4267.2627 Da [M].
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Ac28 ((AcKEAKY)4(KKYEA):KEKAYKA-NH?2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (76.6 mg, 5.6 umol, 34.3%).
Analytical RP-HPLC: tr=1.18 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C220H343Ns53062 calc./obs. 4719.5316/4719.5442 Da [M].

ClAc28 ((CIACKEAKY)4(KKYEA):KEKAYKA-NH2) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (56.7 mg, 4.0 umol,
24.8%). Analytical RP-HPLC: tr=1.21 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): C220H339N52Cl406: calc./obs. 4855.3757/4857.3959 Da [M].

29 ((YAKAKE)s(KAYKAKA)2KAYKKA-NH2) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (169.6 mg, 3.5 umol, 23.4%). Analytical
RP-HPLC: tr=1.23 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C233H378N620sg calc./obs. 4988.8484/4988.8659 Da [M].

30 (KAEKAYA)4(KEKYAKA)KEKYKA-NH2) was obtained f after manual synthesis as
foamy colourless solid after preparative RP-HPLC (211.0 mg, 25.6 pumol, 25.6%). Analytical
RP-HPLC: tr=1.29 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C251H404NesOe9 calc./obs. 5447.0133/5447.0332 Da [M].

31 ((YKAKAKY)4(KEAKAKY):KAKEYEY-OH) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (154 mg, 1.4 umol, 12.3%). Analytical RP-
HPLC: tr=1.14 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C287H443Ns3070
calc./obs. 5976.3226/5976.3381 Da [M].

32 ((KA)s(KAK)s(KEKA):KAKEAYCA-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (61.9 mg, 1.1 umol, 7.7%).
Analytical RP-HPLC: tr=1.19 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C210H387Ne7051S calc./obs. 4695.9470/4695.9625 Da [M].

Ac32 ((AcKA)s(KAK)4(KEKA):KAKEAYCA-NH2) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (53.9 mg, 3.4 umol,
22.8%). Analytical RP-HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): C226Ha03N67050S calc./obs. 5032.0315/5032.0448 Da [M].

Fum32 ((FumKA)s(KAK)4(KEKA)KAKEAY CA-NH2) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (47.6 mg, 3.1 pmol,
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22.9%). Analytical RP-HPLC: tr=1.47 min (100% A to 100% D in 5 min, A= 214 nm).
CassHa3sN6707sS calc./obs. 5704.2005/5704.2057 Da [M].

33 ((AKA)s(KYEK)4(KEKA)2KAKY-OH) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (23.7 mg, 1.1 umol, 9.4%).
Analytical RP-HPLC: tr=1.24 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C264H448N74070 calc./obs. 5775.3771/5775.3854 Da [M].

Ac33 ((AcAKA)s(KYEK)4(KEKA):KAKY-OH) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (20.3 mg, 1.1 umol, 8.7%).
Analytical RP-HPLC: tr=1.31 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C280H464N7407g calc./obs. 6111.4616/6111.4644 Da [M].

CIAc33 ((CIACAKA)s(KYEK)s(KEKA):KAKY-OH) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (20.9 mg, 1.1 pumol,
8.6%). Analytical RP-HPLC: tr=1.37 min (100% A to 100% D in 5 min, A= 214 nm).
C280H464ClgN7407g calc./obs. 6383.1499/6384.1461 Da [M].

34 ((KA)s(KKAKE)4(KYKAKA):KAYKKA-OH) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (127 mg, 1.0 pumol, 9.0%). Analytical RP-
HPLC: tr=1.20 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C275H495Ng30es
calc./obs. 6016.7929/6016.7972 Da [M].

Ac34 ((AcKA)s(KKAKE)4(KYKAKA):KAY KKA-OH) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (52.8 mg, 2.4 pmol,
19.9%). Analytical RP-HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): Ca01Hs11Ng3074 calc./obs. 6352.8774/6352.8913 Da [M].

Fum34 ((FumKA)s(KKAKE)4(KYKAKA):KAYKKA-OH) was obtained from the CEM
Liberty Blue synthetizer as foamy colourless solid after preparative RP-HPLC (51.8 mg, 1.9
pmol, 18.1%). Analytical RP-HPLC: tr=1.42 min (100% A to 100% D in 5 min, A= 214 nm).
HRMS (ESI+): Cs23Hs43Ng30g0 calc./obs. 7025.0465/7025.0531 Da [M].

35 ((KAA)s(KKAKAK)4(KAAKKY):KEKAKCA-OH) was obtained after manual synthesis
as foamy colourless solid after preparative RP-HPLC (17 mg, 0.2 pmol, 2.6%). Analytical RP-
HPLC: tr=1.21 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Ca15H580N100071S calc./obs. 6934.4362/6934.4379 Da [M].
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36 ((AK)s(KAKAKY)4(KAKEYEY)KAKEYEY-NH2) was obtained after manual synthesis
as foamy colourless solid after preparative RP-HPLC (51.3 mg, 0.6 pumol, 5.8%). Analytical
RP-HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C323H544N90O77 calc./obs. 6916.1419/6916.1596 Da [M].

37 ((X)30-NHz) was synthetised using the CEM Liberty Blue synthetizer by mixing Fmoc-L-
alanine, Fmoc-L-lysine, Fmoc-L-glutamic acid, Fmoc-L-tyrosine in ratio 4.2/3.4/1.4/1
respectively. Colourless foamy solid was obtained after preparative RP-HPLC (46.3 mg).
Analytical RP-HPLC: tr=2.51- min (100% A to 100% D in 10 min, A= 214 nm). Amino acid

analysis:

CIACc37 (CIAc(X)30-NH2) was synthetised using the CEM Liberty Blue synthetizer by mixing
Fmoc-L-alanine, Fmoc-L-lysine, Fmoc-L-glutamic acid, Fmoc-L-tyrosine in ratio
4.2/3.4/1.4/1 respectively. Colourless foamy solid was obtained after preparative RP-HPLC
(34.0 mg). Analytical RP-HPLC: tr=2.76- min (100% A to 100% D in 10 min, A= 214 nm).

38 ((X)40-NH2) was synthetised using the CEM Liberty Blue synthetizer by mixing Fmoc-L-
alanine, Fmoc-L-lysine, Fmoc-L-glutamic acid, Fmoc-L-tyrosine in ratio 4.2/3.4/1.4/1
respectively. Colourless foamy solid was obtained after preparative RP-HPLC (62.4 mg).
Analytical RP-HPLC: tr=2.72- min (100% A to 100% D in 10 min, A= 214 nm).

Ac38 (Ac(X)a0-NH2) was synthetised using the CEM Liberty Blue synthetizer by mixing
Fmoc-L-alanine, Fmoc-L-lysine, Fmoc-L-glutamic acid, Fmoc-L-tyrosine in ratio
4.2/3.4/1.4/1 respectively. Colourless foamy solid was obtained after preparative RP-HPLC
(51.3 mg). Analytical RP-HPLC: tr=2.79- min (100% A to 100% D in 10 min, A= 214 nm).

32G2 ((KAK)4(KEKA).KAKEAYCA-NH?2)) was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (21.9 mg, 4.66 pumol, 14.1%). Analytical RP-
HPLC: tr=1.07 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C138H25:N43035S calc./obs. 3102.8903/3102.8874 Da [M].

32A ((AK)s(KAK)4(KEKA):KAKEAYCA-NH?2)) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (23.2 mg, 3.2 umol, 23.2%). Analytical RP-
HPLC: tr=1.06 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C210H387N67051S calc./obs. 4695.9470/4695.9469 Da [M].

32K ((KK)s(KAK)s(KEKA):KAKEAYCA-NH2) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (18.9 mg, 2.2 umol, 18.9%). Analytical RP-
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HPLC: tr=1.07 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C234Haa3N75051S calc./obs. 5152.4098/5152.4134 Da [M].

D-32 ((ka)s(kak)s(keka):kakeayca-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (56.8 mg, 2.5 umol, 18.3%).
Analytical RP-HPLC: tr=1.33 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C210H387N670s1S calc./obs. 4695.9470/4695.9606 Da [M].

sr-32 ((KA)s(KKA)4(KKAE).KYEKACA-NH2) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (32.9 mg, 1.0 umol, 7.6%). Analytical RP-
HPLC: tr=1.18 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C207H382NesOs0S calc./obs. 4624.9098/4624.9212 Da [M].

D-34 ((ka)s(kkake)s(kykaka)-kaykka-NH2) was obtained from the CEM Liberty Blue
synthetizer as foamy colourless solid after preparative RP-HPLC (67.1 mg, 1.8 umol, 16.7%).
Analytical RP-HPLC: tr=1.37 min (100% A to 100% D in 5 min, A=214 nm). HRMS (ESI+):
C275H496N84065 calc./obs. 6015.8089/6015.8149 Da [M].

sr-34 ((KA)s(KEKAK)4(KAYAKK)KKAYAK-OH) was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (89.6 mg, 1.7 umol, 15.6%). Analytical RP-
HPLC: tr=1.19 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Ca75H495Ng3066S calc./obs. 6016.7929/6016.8081 Da [M].

32K2 ((KA)s(KKKAK)i(KEKA).KAKEAYCA-NH2) was obtained from the CEM Liberty
Blue synthetizer as foamy colourless solid after preparative RP-HPLC (28.0 mg, 0.9 pmol,
8.6%). Analytical RP-HPLC: tr=1.18 min (100% A to 100% D in 5 min, A= 214 nm). HRMS
(ESI+): CassHas3Ng30s0S calc./obs. 5720.7067/5720.7093 Da [M].

Ac32K2 ((AcKA)s(KKKAK)4(KEKA):KAKEAYCA-NH2) was obtained from the CEM
Liberty Blue synthetizer as foamy colourless solid after preparative RP-HPLC (28.6 mg, 1.1
pmol, 9.4%). Analytical RP-HPLC: tr=1.23 min (100% A to 100% D in 5 min, A= 214 nm).
HRMS (ESI+): C274H499Ng3067S calc./obs. 6056.7912/6056.7988 Da [M].

Fum32K2 ((FumKA)s(KKKAK)4(KEKA).KAKEAY CA-NH2) was obtained from the CEM
Liberty Blue synthetizer as foamy colourless solid after preparative RP-HPLC (27.5 mg, 0.9
pmol, 8.3%). Analytical RP-HPLC: tr=1.42 min (100% A to 100% D in 5 min, A= 214 nm).
Ca06H531N830s3S calc./obs. 6728.9602/6728.9614.00 Da [M].
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32FI ((KA)s(KAK)4(KEKA)2KAKEAY C(FI)A-NHz) initial dendrimer was obtained as foamy
white solid after preparative RP-HPLC, then leq. Of dendrimer was coupled with 1.1 eq. of
fluorescein-diacetat-5-maleinimid in H2O/ACN solution with NHsHCO3 50 mM buffer, pH 8.
(6.5 mg, 2.1 umol, 40.6%). Analytical RP-HPLC: tr=1.16 min (100% A to 100% D in 5 min,
A= 214 nm). HRMS (ESI+): C23sH404NgsOg0S calc./obs. 5207.0373/5207.0391 Da [M].

32-32 ((KA)s(KKA)4(KKAE)KYEKACA-NH?)2) for dimerization the initial dendrimer was
refluxed in 50 mM NHsHCO3 buffer for 48 h, foamy colourless solid was obtained after
preparative RP-HPLC (7.9 mg, 1.0 umol, 43.6%). Analytical RP-HPLC: tr=1.20 min (100%
A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): Cas14H762N1320100S2 calc./obs.
9247.8040/9247.8422 Da [M].

39 (KA)s(KKGKE)4(KYKAKA):KIFKSK-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (61.7 mg, 6.5 pmol, 15.4%). Analytical RP-
HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C274H494Ng4Os5
calc./obs. 6001.7932/6001.8045 Da [M].

40 (KA)s(KKGKE)4(KYKKAP):KAFKK- was obtained after manual synthesis as foamy
colourless solid after preparative RP-HPLC (81.3 mg, 8.6 pmol, 20.2 %). Analytical RP-
HPLC: tr=1.22 min (100% A to 100% D in 5 min, A=214 nm). HRMS (ESI+): C272H478Ng30e3
calc./obs. 5924.7456/5924.7700 Da [M].

sr-41 (KA)s(KKKAE)4(KYKAKG)KLYKKG-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (131.3 mg, 13.9 umol, 27.8%). Analytical
RP-HPLC: tr=1.22 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Ca75H496Ng40ss5 calc./obs. 6015.8089//6015.8179 Da [M].

42 (OV)s(KKGKE)4(KYKGK):KKFNGK-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (104.5 mg, 1.1 pmol, 21.8%). Analytical
RP-HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C271HagoNg30ss3 calc./obs. 5914.7612/5914.7612 Da [M].

43 (OV)s(KKGKE)s(KYKAKA):KIFKSK-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (48.5 mg, 5.0 pmol, 10.2%). Analytical RP-
HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C282Hs10Ng4Os5
calc./obs. 6113.9184/6113.9332 Da [M].
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44 (OV)s(KKGKE)4(KYKKAP):KAFNKK-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (49.1 mg, 5.1 pumol, 10.3%). Analytical RP-
HPLC: tr=1.25 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C2g0Hs03Ng30sg3
calc./obs. 6036.8708/6036.8901 Da [M].

sr-45 (OV)s(KKKAE)4«(KYKAKG)2KLYKKG-NH:zwas obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (118.3 mg, 12.3 pumol, 24.8%). Analytical
RP-HPLC: tr=1.30 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C283H512N84065 calc./obs. 6127.9519/6127.9341 Da [M].

46 (KA)s(KKGKE)s(KYKLGK):KKFNGK-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (95.9 mg, 10.0 umol, 23.9%). Analytical
RP-HPLC: tr=1.30 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
C222H398NegOs3 calc./obs. 6026.8041/6026.9039 Da [M].

47 (KA)s(KKLKE)4(KYKGKG)KQFIRA-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (86.6 mg, 9.0 umol, 18.2%). Analytical RP-
HPLC: tz=1.30 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C2g5Hs14NssO6s
calc./obs. 6181.9559/6181.9536 Da [M].

48 (KA)s(KKAKE)i(KYKGKA):KRVIKQ-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (60.9 mg, 6.4 pmol, 15.1%). Analytical RP-
HPLC: tr=1.23 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C274Hs01Ng7Oes
calc./obs. 6050.8572/6050.8745 Da [M].

49 (OV)s(KKLKE)4(KYKGKG):KQFIRA-NH2was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (93.5 mg, 9.7 umol, 19.5%). Analytical RP-
HPLC: tr=1.35 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C293Hs30NgsOes
calc./obs. 6294.0811/6294.0984 Da [M].

50 (OV)s(KKAKE)4(KYKGKA):KRVIKQ-NH2 was obtained after manual synthesis as
foamy colourless solid after preparative RP-HPLC (70.3 mg, 7.3 umol, 17.9%). Analytical RP-
HPLC: tr=1.27 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+): C282Hs17Ng7Os5
calc./obs. 6162.9824/6162.9947 Da [M].

D-32FI ((ka)s(kak)a(keka)2kakeayc(Fl)a-NHz2) initial dendrimer was obtained as foamy white
solid after preparative RP-HPLC, then leq. f dendrimer was coupled with 1.1 eq. of
fluorescein-diacetat-5-maleinimid in H2O/ACN solution with NHsHCO3 50 mM buffer, pH 8.
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(6.1 mg, 0.8 umol, 40.3%). Analytical RP-HPLC: tr=1.16 min (100% A to 100% D in 5 min,
A= 214 nm). HRMS (ESI+): C23sH404NgsOg0S calc./obs. 5207.0373/5207.0391 Da [M].

sr-32F1 ((KA)s(KAK)4(KEKA):KAKEAYC(FI)A-NH?2) initial dendrimer was obtained as
foamy white solid after preparative RP-HPLC, then 1eq. Of dendrimer was coupled with 1.1
eq. of fluorescein-diacetat-5-maleinimid in H2O/ACN solution with NHsHCO3 50 mM buffer,
pH 8. (5.2 mg, 0.7 pumol, 39.8%). Analytical RP-HPLC: tr=1.17 min (100% A to 100% D in 5
min, A= 214 nm). HRMS (ESI+): C238H404NssOs0S calc./obs. 5207.0373/5207.0391 Da [M].

Ac32F| ((AcKA)s(KAK)4(KEKA)KAKEAY C(FI)A-NHy) initial dendrimer was obtained as
foamy white solid after preparative RP-HPLC, then 1eq. Of dendrimer was coupled with 1.1
eq. of fluorescein-diacetat-5-maleinimid in H2O/ACN solution with NHsHCO3 50 mM buffer,
pH 8. (7.1 mg, 0.9 umol, 42.5%). Analytical RP-HPLC: tr=1.21 min (100% A to 100% D in 5
min, A= 214 nm). HRMS (ESI+): C2s4H422N6sO60S calc./obs. 5545.1375/5545.1257 Da [M].

35F1 ((KAA)s(KKAKAK)4(KAAKKY):KEKAKC(FI)A-OH) was obtained after manual
synthesis as foamy colourless solid after preparative RP-HPLC (4.8 mg, 0.5 umol, 38.1%).
Analytical RP-HPLC: tr=1.14 min (100% A to 100% D in 5 min, A= 214 nm). HRMS (ESI+):
Ca43Hs99N101080S calc./obs. 7445.5629/7446.5164 Da [M].
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