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ABSTRACT: Peptide-based therapy is a promising strategy
for antigen-specific immunosuppression to treat or even heal
autoimmune diseases with significantly reduced adverse effects
compared to conventional therapies. However, there has been
no major success due to the drawbacks of native peptides, i.e.,
limited bioavailability. Considering the importance and
limitations of peptide-based therapies for treatment of
autoimmune diseases, we designed and constructed oligogly-

cerol (OG)- and polyglycerol (PG)-based peptide conjugates.
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They were evaluated for their biological activity (in vitro and in vivo), bioavailability, and tolerogenic potential. Among the OG-
and PG-peptide constructs, PG-peptide constructs exhibited an extended bioavailability compared to OG-peptide constructs and
unconjugated peptide. Interestingly, size, structure, and linker chemistry played a critical role for the tolerogenic capacity of the
constructs. The PG-peptide construct bound via an ester linkage was the most tolerogenic conjugate, while the PG-peptide
construct bound via an amide induced stronger proliferation, but also higher TNF production and lower frequencies of Foxp3*
regulatory T-cells. Therefore, we conclude that PG—peptide conjugates bound via an ester linkage are not only promising
candidates for tolerogenic vaccination, but also open a new avenue toward the application of peptides for the treatment of

autoimmune diseases.

B INTRODUCTION

Pharmacological treatments for autoimmune diseases largely
rely on nonspecific immunosuppressive drugs, which disrupt
innate and induced immunity with significant, sometimes even
dramatic, adverse effects. Lack or loss of tolerance to certain
self-antigens in autoimmune diseases is a major feature of
autoimmunity. Among the various strategies under develop-
ment for the treatment of autoimmune diseases, there is
renewed interest in the use of antigen-derived T-cell epitopes
for tolerogenic peptide vaccines. Administration of antigens or
peptides under appropriate conditions stimulates tolerogenic
mechanisms and thereby establishes or re-establishes tolerance
in animal models. Accordingly, delay or prevention of
autoimmune diseases can be achieved. Peptide-based therapies
currently under investigation are expected to be disease-specific
and not associated with the side effects of conventional
immunosuppression.”> Peptide-based agents offer several
advantages over protein drug candidates such as higher activity
per unit mass, increased selectivity and specificity, greater
stability in storage, weaker immunogenicity, and better organ or
tumor penetration.” In spite of all these advantages and their

-4 ACS Publications  © 2015 American Chemical Society 669

good clinical potential, native peptides have seen limited use
because of their short half-life in serum due to rapid excretion
from the circulation and low stability caused by rapid enzymatic
degradation in physiological conditions.* Furthermore, animal
studies have demonstrated a significant risk of exacerbation of
the disease or induction of anaphylactic responses by injection
of certain soluble peptides,”® which might be caused by
aggregated material. However, recent murine studies suggested
that tolerogenic vaccination might be made more effective by
using peptides conjugated to biodegradable and biocompatible
polymeric nano- or microparticles. Protective effects were
found in autoimmune models without adverse effects such as
anaphylaxis or exacerbation of the disease.” Thus, conjugation
of immunodominant peptides to synthetic polymers is a
promising approach.

Recent developments in chemical coupling strategies that
permit efficient conjugation of synthetic polymers to peptides
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have been extensively reviewed in the literature.* "' The main

focus has been on PEGylation of peptides/proteins, which has
gathered widespread interest for therapeutic applications.'*”"*
PEGylation masks the peptide’s surface, which makes it
unrecognizable to the plasma components, thereby improving
the stability and solubility, increasing proteolytic resistance and
circulation time, as well as decreasing antigenicity and
immunogenicity."> PEGylation, however, has several drawbacks
such as the limited end groups that restrict further
functionalization, induction of PEG-directed hypersensitivity,
unexpected changes in pharmacokinetic behavior, toxic side
products, and its nonbiodegradabilit]y, as well as the resulting
possible accumulation in the body."® Strategies to overcome
these limitations to allow the development of protein—polymer
conjugates with improved properties are therefore crucial for
the next generation of peptidic drugs. Macromolecules such as
dendritic architectures are attracting particular attention; they
are multifunctional and can be efficiently conjugated to
bioactive components.17

Dendritic polymers have shown many promising in vivo
applications. They enhance cargo solubility and target
specificity and prevent biode§radation by a masking effect,
thus increasing bioavailability.'® Only a few reports describe the
synthesis of precisely defined protein—dendron conjugates
which were explored for multivalent interactions with
DNA,"*"%* while a number of studies have described the
conjugation of 2polyamidoamine-type dendrimers to antibodies
or proteins.”*~>> Dendrimer—peptide/protein conjugates have
been studied for various biomedical and nanotechnology
applications such as multiple antigenic yeptide (MAP)
carriers,”® antimicrobials,>” ~>° bone targeting, ° immunochem-
istry,31 and neutron capture therapy.32

For our studies we have chosen dendritic oligoglycerols
(OG) and polyglycerols (PG) because they are an interesting
class of bioinert polyether-based biomaterials.*™*” PGs are
attractive because they are characterized by tunable end group
functionalities, have a defined topological 3D architecture, are
inert to nonspecific interactions with biological environments,
are nontoxic, and are equally biocomgatible but thermally and
oxidatively more stable than PEG.>**” Since dendritic PGs are
synthesized in a controlled manner to obtain definite molecular
weight and narrow molecular polydispersity, they have been
extensively evaluated for a variety of biomedical applica-
tions.”> >’ Several studies have demonstrated the biocompat-
ibility of dendritic PGs and classified them as a safe material for
in vitro and in vivo applications.”*™*” We have previously
reported on the use of the PG scaffold for conjugation to
doxorubicin/methotrexate prodrugs and observed high cyto-
toxic activity in human tumor cell lines.**~* PG—doxorubicin
conjugates have also shown optimal properties in vitro and in
vivo, with improved antitumor efficacy over doxorubicin in an
ovarian xenograft tumor model (A2780).**~* These applica-
tions demonstrated the potential use of PG for the develop-
ment of an efficient multifunctional dendritic drug delivery
system.

With the above-mentioned advantages in mind, we have
designed a series of oligoglycerol/polyglycerol—peptide (OG/
PG-peptide) conjugates for antigen-specific immunosuppres-
sion. We synthesized N-maleimido-functionalized OG and PG,
followed by site-specific conjugation to the cysteine-modified
model peptide via a Michael addition reaction. The resulting
dendritic OG-peptide and PG-peptide conjugates were studied
in the T-cell receptor (TCR) transgenic adoptive transfer
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model using DO11.10 mice. In these mice, CD4" T-cells
express a transgenic T-cell receptor (TCR) recognizing the
OVA-peptide 323339 (pOVA: ISQAVHAAHAEINEAGR)
presented via the major histocompatibility complex II (MHCII)
molecule (H-29) by antigen-presenting cells (APC). pOVA-
specific CD4" T-cells were transferred into syngeneic BALB/c
mice to track the response of the antigen-specific CD4" T-cells,
which could be identified by the KJ1.26 antibody detecting the
pOVA-specific TCR. Depending on the dose, route, and
immunogenic environment (e.g., adjuvants), pOVA treatment
could trigger either immunity or tolerance.™**

Tolerance can be induced by a high antigen dose and
systemic or oral administration of antigen in the absence of
immunogenic stimuli. This results in anergy (low pro-
inflammatory cytokine expression) or deletion of CD4* T-
cells.**** A low antigen dose leads instead to induction of
regulatory T-cells (Tregs).44’46 Tregs expressing CD2S and the
forkhead transcription factor Foxp3 are crucial for balancing
immune responses and preventing autoimmunity. Foxp3*
Tregs can be generated as a separate T-cell lineage in the
thymus (thymic Tregs) or in the periphery (peripheral Tregs).
Both subsets contribute to tolerance by inhibiting various types
of effector cells and inflammatory mediators, involving a
number of suppressive mechanisms including secretion of
inhibitory cytokines, cell-contact-dependent inhibition, and
metabolic cytokine competition.”’” Therefore, we analyzed the
impact of the different dendritic OG-peptide and PG-peptide
conjugates on proliferation of antigen-specific T-cells, cytokine
production, and induction or expansion of Foxp3* Tregs in the
DO11.10 adoptive transfer model. The results support the
hypothesis that conjugation of peptides with polyglycerol leads
to an increased bioavailability and improved efficacy of
tolerogenic peptide vaccination strategies.

B RESULTS AND DISCUSSION

Biological Activity of OG/PG Conjugates. T-cells from
DO11.10 mice expressing a transgenic T-cell receptor (TCR)
specific for the ovalbumin peptide 323—339 (pOVA) presented
by MHCII molecules of antigen-presenting cells (APC) were
used to study the potency of the OG/PG-conjugated pOVA to
stimulate CD4" T-cells in vitro and in vivo.

Biological Activity of OG/PG Constructs in Vitro. To
assess the biological activity of conjugates in comparison to the
free peptide, CFSE-labeled pOVA-specific CD4" T-cells were
cultured for four days with APCs and different concentrations
of pOVA or equimolar amounts (based on peptide amount) of
OG/PG-conjugated constructs. The loss of intensity of CFSE
with every cell division allows tracking of the proliferative
activity (Figure 1). All constructs were able to induce
proliferation of CD4" T-cells. The linker chemistry did not
seem to play a role in vitro, since PG-E-pOVA and PG-A-
pOVA had a similar capacity to activate T-cells. However, 10-
times higher concentrations of OG/PG-pOVA constructs were
required to induce proliferation compared to unconjugated
pOVA. [G2.0]-pOVA had the poorest activation capacity.

Previous experiments indicated a size-dependent cellular
uptake of PG and demonstrated that higher-molecular-weight
hyperbranched PG (40—870 kDa) accumulate better in the
cytoplasm than their low-molecular-weight counterparts (2—20
kDa),* suggesting that the size of [G2.0]-pOVA (2.6 kDa)
might influence its uptake by APCs. However, [G3.0]-pOVA
(3.6 kDa) is only slightly larger, yet displays a higher
stimulatory capacity compared to [G2.0]-pOVA. Thus, the
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Figure 1. PG/OG-peptide conjugates stimulate antigen-specific CD4"
T-cells in vitro. pOVA-specific CD4* cells were cultured with
irradiated APCs (1:3) for four days. pOVA, PG-pOVA, or OG-
pOVA conjugates were added as indicated. For the determination of
cell proliferation, CFSE was used. This dye covalently binds
intracellular proteins and becomes 2-fold diluted with every cell
division. This allows identification of distinct cell generations based on
fluorescence intensity using flow cytometry. To allow comparison of
different experiments, the geometric mean fluorescence intensity
values (GMFI) of CFSE were normalized using the undivided PBS
(control) sample. Cells were gated on pOVA-specific CD4" cells and
the GMFI of CFSE was estimated (fold CFSE dilution = GMFI
control/GMFI sample; log 2-scale). Data represent means of
triplicates + SD. Data shown are representative for four independent

experiments.

size and number of hydroxyl groups of the OG dendrons
apparently have to exceed a critical threshold to allow efficient
uptake and presentation to T-cells. We also would not exclude
the possibility that the more rigid structure of the [G3.0] OG
has an effect, by an unknown mechanism, on the uptake and
stability of the conjugate.

All PG-peptide conjugates displayed a lower in vitro
stimulatory capacity compared to pOVA, which is not
surprising, as free peptide can associate directly with the
binding pocket of MHC, which is likely to be impaired for
bulky conjugates. In fact, the conjugates might even require
intracellular or extracellular cleavage of the core peptide from
the conjugate to become bound to MHC. However,
unconjugated polymers are immunologically inert since they
did not affect proliferation and cytokine production in vitro
when added to pOVA-stimulated cultures (see Supporting
Information, Figure SI 1 and SI 2).

Biological Activity of OG/PG Constructs in Vivo. To
investigate the effect of systemic PG-peptide conjugate
administration in vivo on activation of antigen-specific CD4"
T-cells, we used the DO11.10 transgenic adoptive transfer
system. On day 0, 5 X 10° CFSE-labeled pOVA-specific CD4*
T-cells were transferred into BALB/c mice. After 24 h,
recipients received either PBS, 5 pug pOVA or equimolar
amounts (based on peptide amount) of [G2.0]-pOVA, [G3.0]-
pOVA, PG-A-pOVA, or PG-E-pOVA intravenously (iv.). Six
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Figure 2. PG/OG-peptide conjugates efficiently activate antigen-specific CD4" T-cells in vivo. pOVA-specific CFSE-labeled CD4" cells were
transferred into BALB/c mice (d0). On day 1, mice were treated i.v. with PBS (control), pOVA, PG-pOVA, or OG-pOVA conjugates. After six days,
proliferation was assessed by flow cytometry. Splenocytes (spleen), mesenteric lymph node cells (mLN), and peripheral lymph node cells (pLN)
were gated on pOVA-specific CD4" cells. (A) Representative histograms of CFSE fluorescence in pOVA-specific CD4" splenocytes. (B) Summarized
data show fold CFSE dilution (GMFI control/ GMFI sample; log 2-scale). Means + SD from two to four independent experiments. spleen, n = S—
14; mLN, n = 5—14; pLN, n = 4—6; p < 0.05 (*), p < 0.01 (**), p < 0.001 (**:*),
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Figure 3. Conjugation of OVA-peptide to PG/OG extends peptide bioavailability. pOVA-specific CD4* CFSE-labeled cells were transferred into
BALB/c mice three days after i.v. peptide vaccination with unconjugated pOVA or pOVA conjugated to PGs or OGs. Proliferation was analyzed on
day 6. Splenocytes, mesenteric lymph node cells, and peripheral lymph node cells were gated on pOVA-specific CD4" cells. (A) Set-up for analysis of
the bioavailability. (B) Summarized data (mean + SD from two to four independent experiments). spleen, n = S—11; mLN, n = $—10; pLN, n = 5—

6.

days later, pOVA-specific T-cells were reisolated from different
lymphatic organs and analyzed by flow cytometry (Figure 2). In
contrast to the diminished capacity of the conjugated peptides
to activate pOVA-specific CD4" T-cells in vitro, T-cells strongly
proliferated when the conjugates were tested in vivo. The
proliferation rates of CD4" T-cells in mice treated with
equimolar amounts (based on peptide amount) of either
pOVA, PG-E-pOVA, or [G3.0]-pOVA were comparable. The
highest activation, significantly higher compared to free pOVA,
was found in mice treated with PG-A-pOVA.

Surprisingly, PG-A-pOVA also induced a stronger prolifer-
ation than PG-E-pOVA. Thus, linker chemistry appears to play
an important role in vivo while being irrelevant for in vitro
responses, as shown above. As size determination by GPC gave
a value much higher than expected as per NMR-analysis (see
Supporting Information), we would not exclude that the PG-A-
pOVA might be prone to oligomerization under the given
conditions, which would be compatible with higher stimulatory
capacity if also true for in vivo conditions. Consistent with its
low stimulatory capacity in vitro, [G2.0]-pOVA also had the
lowest in vivo capacity to activate CD4" T-cells.

Bioavailability of OG/PG Constructs in Vivo. Rapid
renal clearance of native peptides as well as enzymatic
degradation results in a short time window where the peptide
is available in the organism for recognition by T-cells.'®
Accordingly, hardly any T-cell activation was observed when
pOVA was injected three days before the adoptive transfer of
pOVA-reactive T-cells to host animals (Figure 3B). It has been
reported that PEGylation can reduce the renal clearance and
protect peptides from protease degradation, thereby increasing
the serum halflife of biomolecules.*” We therefore examined
whether conjugation of pOVA to the different OG/PG
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constructs leads to an extended bioavailability of our model
peptide and whether this depends on linker chemistry and
structure.

To test whether conjugates are retained and presented to T-
cells for a longer period in the organism, BALB/c mice were
treated on day 3 with either PBS, 5 ug pOVA or equimolar
amounts (based on peptide amount) of [G2.0]-pOVA, [G3.0]-
pOVA, PG-A-pOVA, or PG-E-pOVA. CFSE-labeled pOVA-
specific CD4" T-cells were transferred into the mice on day 0.
After six days, secondary lymphatic organs were removed and
analyzed (Figure 3A). No detectable proliferation of CD4" T-
cells in pOVA or [G2.0]-pOVA-treated mice was observed
(Figure 3B), suggesting a complete systemic clearance within
three days. In contrast, significant proliferation was noticed in
mice treated with [G3.0]-pOVA, PG-A-pOVA, or PG-E-pOVA.

PG-A-pOVA and PG-E-pOVA induced the strongest
proliferation in all secondary lymphatic organs analyzed. As
found under the conditions used before, PG-A-pOVA induced
significantly stronger proliferation in spleen and mLN than PG-
E-pOVA (Figure 3B). Also, the rather small [G3.0] conjugate
significantly increased the bioavailability of pOVA compared to
unconjugated pOVA and [G2.0]-pOVA. Thus, the size and
structure of the conjugate have an important impact on
prolongation of the bioavailability. Since [G3.0]-pOVA is only
slightly larger than [G2.0]-pOVA (3.2 kDa versus 2.6 kDa), it is
again tempting to assume a critical size threshold or structural
properties for uptake/storage of the conjugates.

It is questionable whether the increased serum half-life of
conjugates alone is sufficient to explain their bioavailability for
>72 h in vivo. Previous studies indicated a strongly increased
plasma half-life for PG from 32 to 57 h for only the higher
molecular weights of 106 and 540 kDa, respectively.”® The

DOI: 10.1021/bc500608f
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Figure 4. Increased frequency of regulatory Foxp3"™ CD4" T-cells upon PG-E-pOVA treatment. pOVA-specific CFSE-labeled CD4" cells were
transferred into BALB/c mice (d0). On day 1, mice were treated i.v. with PBS (control), pOVA, PG-pOVA, or OG-pOVA conjugates. After six days,
Foxp3 expression was assessed by flow cytometry. Cells were gated on pOVA-specific CD4" cells. (A) Representative dot plots of CFSE and Foxp3
in pOVA-specific CD4" splenocytes. (B) Summarized data (mean + SD of % Foxp3* cells from two to four independent experiments). spleen, n =

5—14; mLN, n = 5—14; pLN, n = 4—6.

smaller [G3.0]-pOVA and the 10 kDa hyperbranched PGs
allowed recognition of the conjugated peptide by T-cells
beyond 72 h. Thus, improved uptake, intracellular storage, or
stability of the conjugates is likely contributing to their
prolonged activity in vivo.

With regard to the immediate response in vivo and reactivity
after preinjection of the conjugates, the PG-A-pOVA was
superior to PG-E-pOVA, indicating the important impact of the
linker chemistry. Amide bonds are more stable to hydrolysis
and display a lower release rate than ester linkages.”® However,
we would not exclude the possibility that the linker structure
has a more specific impact on uptake, storage, or intracellular
processing pathways or leads to oligomerization of the
conjugate.

Tolerogenic Potential of OG/PG Constructs in Vivo.
Systemic exposure to antigen in the absence of immunogenic
stimuli can lead to induction of tolerance. Underlying
mechanisms include the induction of anergy in antigen-specific
T-cells, deletion of effector cells, or induction of Foxp3*
regulatory T-cells (Tregs). We again used the DO11.10
transgenic mouse model to test if our constructs modulate
the quality of the immune response by measuring the
induction/expansion of Foxp3™ cells and the frequency of the
T-cells producing inflammatory cytokines.

Induction/Expansion of Foxp3* Tregs by Treatment
with OG/PG Constructs. CD4" Foxp3" Tregs are powerful
regulators of immune responses in autoimmunity, allergic
responses, and allograft rejection.”’ The transcription factor
Foxp3 is the most specific marker 1dent1F%71ng Tregs generated
either as a distinct lineage in the thymus®* or by conversion of
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conventional naive CD4* Foxp3~ T-cells in the periphery.*® As
mentioned before, it has been shown that vaccination with low-
dose peptides leads to expansion or induction of Foxp3*
Tregs.** To investigate whether conjugation of pOVA
peptide to OG/PG carriers enhances this effect, 5 X 10°
transgenic pOVA-specific CD4" T-cells were transferred into
BALB/c recipients and mice treated with S ug pOVA or
equimolar amounts (based on peptide amount) of OG/PG-
pOVA conjugates 24 h later. After six days, CD4" T-cells were
re-isolated from different secondary lymphatic organs and
Foxp3 expression was analyzed by flow cytometry (Figure 4). A
significant increase in the frequency of pOVA-specific Foxp3*
regulatory T-cells was found after intravenous administration of
free peptide. As expected, the effect was antigen-specific since
the frequency of Foxp3® Tregs was not altered among
endogenous CD4" T-cells, which do not express the transgenic
TCR (data not shown). An increase in Foxp3" frequencies
among pOVA-specific cells was also found upon treatment with
PG-A-pOVA, [G3.0]-pOVA, or [G2.0]-pOVA. Surprisingly,
administration of PG-E-pOVA significantly increased the
frequency of pOVA-specific Foxp3™ Tregs compared to
pOVA and other types of conjugates (Figure 4).

Previous studies demonstrated an inverse relationship
between antigen dose and resulting proliferation and Foxp3
expression.***® However, the differential effects of the
constructs on proliferation and Treg frequencies cannot be
explained by the phenomenon that PG-E-pOVA induced a
stronger T-cell response compared to pOVA, although the
frequencies of Foxp3" Tregs were significantly elevated (Figure
4). PG-A-pOVA induced the strongest proliferation, but

DOI: 10.1021/bc500608f
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Figure S. Reduced frequency of TNF* CD4"* T-cells upon PG-E-pOVA treatment. pOVA-specific CFSE-labeled CD4" cells were transferred into
BALB/c mice (d0). On day 1, mice were treated i.v. with PBS (control), pPOVA, PG-pOVA, or OG-pOVA conjugates. After six days TNF production
was assessed by intracellular staining and flow cytometry. Cells were gated on pOVA-specific CD4" cells. Data represent means + SD of % TNF*
cells from two to four independent experiments. spleen, n = 5—10; mLN, n = 5—10; pLN, n = 4—6.
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Figure 6. Reduced TNF/Foxp3 ratio upon PG-E-pOVA treatment. pOVA-specific CFSE-labeled CD4" cells were transferred into BALB/c mice
(d0). On day 1, mice were treated i.v. with PBS (control), pOVA, PG-pOVA, or OG-pOVA conjugates. After six days, TNF production as well as
Foxp3 expression was assessed by intracellular staining and flow cytometry. The TNF/Foxp3 ratio was calculated, reflecting the effector T-cell/Treg
ratio of responding cells. Cells were gated on pOVA-specific CD4" cells. Data represent means & SD of % TNF" cells/% Foxp3* cells from two to
four independent experiments. spleen, n = 5—10; mLN, n = 5—10; pLN, n = 4—6.
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Figure 7. Reduced frequency of pOVA-specific CD4" T-cells upon PG-E-pOVA treatment. pOVA-specific CFSE-labeled CD4" cells were transferred
into BALB/c mice (d0). On day 1, mice were treated iv. with PBS (control), pOVA, PG-pOVA, or OG-pOVA conjugates. After six days, the
frequency of pOVA-specific CD4" cells among total CD4" T-cells was assessed by flow cytometry. Cells were gated on pOVA-specific CD4" cells.
Data represent means + SD of % KJ1.26" cells (pOVA-specific T-cells) among total CD4" cells from two to four independent experiments. spleen, n
= 5—10; mLN, n = 5—10; pLN, n = 4—6.

frequencies of Foxp3" Tregs were significantly increased in OG/PG-peptide conjugates on the capacity of antigen-specific
mLN compared to pOVA-treated mice (p < 0.01) (Figure 4). T-cells to produce inflammatory cytokines, we studied the
This supports the notion that the difference in size and expression of TNF after stimulation in the pOVA transgenic
structure of the conjugates and, interestingly, the linker adoptive transfer model. Six days after tolerogenic vaccination
chemistry as well, affects both quality and quantity of the with OG/PG-pOVA CD4" T-cells were isolated from
immune response. lymphatic organs and re-stimulated with PMA/ionomycin in
Induction of Anergy and Deletion of Antigen-Specific vitro (Figure S).

Cells by Treatment with OG/PG Constructs. Another In mice treated with unconjugated pOVA, the frequency of
important indication of tolerance induction is a diminished pro- TNF-producing pOVA-specific CD4" T-cells was significantly
inflammatory cytokine response, reflecting anergy of the cells.** reduced compared to PBS control (except in pLN). A
Pro-inflammatory cytokines such as TNF are involved in many significant reduction was also found for OG/PG-peptide
autoimmune diseases and TNF is a major target for treatment constructs (except [G2.0]-pOVA in pLN and mLN).
of, e.g, rheumatoid arthritis.>®> To investigate the impact of Interestingly, PG-E-pOVA again was superior to pOVA and

674 DOI: 10.1021/bc500608f
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Scheme 1. Synthesis of [G2] Generation of Oligoglycerol Dendron—Peptide Conjugate [G2]-pOVA
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Scheme 2. Synthesis of [G3] Generation of Oligoglycerol Dendron—Peptide Conjugate [G3]-pOVA
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other constructs in suppressing the TNF response, with a
highly significant reduction in spleen and significantly reduced
frequencies in mLN and pLN compared to pOVA. Other
cytokines, including IFNy or IL-10, could not be detected
under the conditions used (see Supporting Information,
Figures SI 3 and SI 4).

The combined impact of tolerogenic treatment on both
induction/expansion of Foxp3* Tregs and induction of anergy
is best visualized by the ratio of TNF-producing to Foxp3" cells,
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representing the effector/regulatory T-cell ratio in vivo (Figure
6). The lowest effector cell/Treg ratio was found in all analyzed
lymphatic organs in mice treated with PG-E-pOVA compared
to pOVA-injected mice. All other OG/PG constructs
significantly reduced the TNF/Foxp3 ratio compared to PBS
control, but not compared to pOVA (except [G3.0]-pOVA in
pLN, p < 0.05).

Beside induction of anergy, deletion of antigen-specific T-
cells by activation-induced cell death also limits the immune
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Scheme 3. Synthesis of Polyglycerol Dendrimer—Peptide Conjugate (via Ester Linkage) PG-E-pOVA
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response.”* In our study, we observed a significantly reduced
frequency of pOVA-specific CD4" cells among total CD4" cells
after PG-E-pOVA treatment compared to unconjugated pOVA
(Figure 7), although PG-E-pOVA induced a stronger
proliferation than pOVA in pLN or equivalent proliferation
in mLN and spleen. This suggests an increased apoptosis rate
and deletion of pOVA-specific effector CD4" T-cells as a
further mechanism of suppression of antigen-specific effector
response by the tolerogenic vaccination.

B CONCLUSION

Based on findings, we conclude that the conjugation of peptides
to synthetic carriers such as oligo- and polyglycerols can
increase the efficacy of tolerogenic peptide vaccination
compared to free peptide. However, size, structure, and linker
chemistry are critical for the tolerogenic capacity of the
constructs. Here we identified the hyperbranched PG (10 kDa)
bound via an ester linkage to pOVA (PG-E-pOVA), as the most
tolerogenic conjugate. In contrast, the PG-A-pOVA conjugate
differing only in the linker chemistry (having an amide linkage)
induced stronger proliferation, but also higher TNF production
and lower frequencies of Foxp3" Tregs.

Future studies have to elucidate the underlying mechanisms
responsible for the peculiar properties of the ester-linked
conjugate. It is tempting to speculate that the linker structure
not only generally affects the conjugate uptake, storage, and
stability, as discussed above, but might additionally target them
into specific subsets of APC such as immature or CD103"
dendritic cells that favor a tolerogenic T-cell response.**>
Alternatively, a functional modulation of APC by the conjugate
structure has to be taken into consideration.

These results suggest that auto antigen-derived peptides
coupled to OG/PG carriers are promising novel candidates for
tolerogenic vaccines that can be used for the treatment of
autoimmune diseases and allergy.

B EXPERIMENTAL PROCEDURES
Synthesis of OG-Peptide and PG-Peptide Conjugates.

The development of carrier-conjugated peptide prodrugs for
the treatment of various autoimmune and inflammatory
diseases increases the need for simple, effective, and controlled
approaches for the synthesis of biocompatible nanocarriers.
Herein, we have strategically designed and explored a simple,
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effective, and controlled approach for the synthesis of N-
maleimide-functionalized oligoglycerols and polyglycerols,
which are highly biocompatible. These maleimide-function-
alized dendritic polyglycerols were coupled with free thiol-
functionalized peptides via a Michael reaction to give OG-
peptide and PG-peptide conjugates.

Acetal-protected [G2.0] and [G3.0] generation OG den-
drons (1 and 4) and hyperbranched PG (7) and PG-amines
(9) were synthesized according to published procedures.*®™°
The synthetic protocol for the OG-peptide conjugates
consisted of three steps. Initially, N-maleoyl-f-alanine was
coupled to the core hydroxyl group of the acetal-protected OG
dendrons via the EDC-mediated standard esterification
protocol (see the Supporting Information (SI)), and in the
next step they were deprotected using Dowex SOW ion-
exchange resin to obtain the target dendrons (3 and 6) for
peptide coupling (Schemes 1 and 2).

The purified compounds for both the steps were
characterized by 'H NMR and HRMS, respectively. The
respective maleimido-functionalized OG dendrons (3 and 6)
were then conjugated in the final step to the free sulfthydryl
group of the pOVA (C-fA-ISQAVHAAHAEINEAGR) via a
Michael reaction in PBS of pH 7.4 (Schemes 1 and Scheme 2).
The thiol group was added to the double bond of the
maleimide group in a fast and selective reaction at room
temperature, forming a stable thioether bond, yielding OG-
peptide conjugates, [G2]-pOVA and [G3]-pOVA. The
conjugates were purified by dialysis using 500 Da MWCO
dialysis tubing in Millipore water, and finally the conjugates
were lyophilized at —60 °C for 16 h. The conjugation at this
stage was followed by '"H NMR and MALDI spectra. The
characteristic disappearance of the peak at 6 6.84—6.85, for the
maleimide olefinic protons and appearance of peptide (pOVA)
peaks in the "H NMR confirmed the conjugate formation (cf.
SI). Additionally, the MALDI data clearly indicated the
molecular ion peaks corresponding to the conjugate (cf. SI).

In the case of hyperbranched PGs, esterification was
performed via the in situ generated acid chloride of N-
maleoyl-f-alanine, while amidation was performed via the in
situ generated NHS ester of N-maleoyl-f-alanine with PG-
amine (cf. SI). The ester and amide linked PG-maleimide
conjugates (PG-E-pOVA and PG-A-pOVA) were purified by
dialysis using 2000 Da MWCO dialysis tubing in Millipore

DOI: 10.1021/bc500608f
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Scheme 4. Synthesis of Polyglycerol Dendrimer—Peptide Conjugate (via Amide Linkage) PG-A-pOVA
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water, and lyophilized at —60 °C for 16 h. The maleimido-
functionalized PGs (8 and 10) were then conjugated to the free
sulthydryl group of the pOVA (C-fA-ISQAVHAAHAEIN-
EAGR) via a Michael reaction in PBS at pH 7.4 (Schemes 3
and 4). The thiol group was conjugated to the double bond of
the maleimide group via a stable thioether bond.

The PG-pOVA conjugates were purified by dialysis using
2000 Da MWCO dialysis tubing in Millipore water, and finally
the conjugates were lyophilized at —60 °C for 16 h. The
conjugation at this stage was again followed by 'H NMR
spectroscopy, where the characteristic appearance of peptide
(pOVA) peaks confirmed the conjugate formation (cf. SI).

Highly water-soluble conjugates, [G2.0]-pOVA, [G3.0]-
pOVA, PG-E-pOVA, and PG-A-pOVA, were obtained with
the above-mentioned protocols, respectively.

B ASSOCIATED CONTENT

© Supporting Information

Materials, instrumentation; details of the biological materials
and procedures (mice, antibodies, staining and sorting reagents,
preparation of pOVA-specific cells, determination of cell
proliferation in vitro and in vivo, adoptive T-cell transfer
assay, analysis of bioavailability, flow cytometry, statistics),
synthesis and characterization of OG- and PG-peptide
constructs (impact of unconjugated OG/PG polymers on
immune reaction under ThO and Th1 conditions, and analysis
of IL-10 production and IFNy production). This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: hamann@drfz.de. Tel: (+49) 30 28460 655. Fax:
(+49) 30 28460 656.

*E-mail: haag@chemie.fu-berlin.de. Tel: (+49) 30 838 52633.
Fax: (+49) 30 838 53357.

Author Contributions

#Shilpi Gupta and Jennifer Pfeil, and Ute Hoffmann and Rainer
Haag, respectively, contributed equally to this work.

Notes

The authors declare no competing financial interest.

677

B ACKNOWLEDGMENTS

This work was supported by the German Research Foundation
(DEG, SFB650-TP1 and the SFB 765). We thank the lab
managers from DRFZ and all members of the Hamann and
Haag research groups for their valuable comments.

B REFERENCES

(1) Miller, S. D., Turley, D. M., and Podojil, J. R. (2007) Antigen-
specific tolerance strategies for the prevention and treatment of
autoimmune disease. Nat. Rev. Immunol. 7, 665—677.

(2) Dolgin, E. (2010) The inverse of immunity. Nat. Med. 16, 740—
743.

(3) Schall, N., Page, N., Macri, C., Chaloin, O., Briand, J. P., and
Muller, S. (2012) Peptide-based approaches to treat lupus and other
autoimmune diseases. J. Autoimmun. 39, 143—153.

(4) Soares, A. F, Carvalho, R. A, and Veiga, F. (2007) Oral
administration of peptides and proteins: nanoparticles and cyclo-
dextrins as biocompatible delivery systems. Nanomedicine (London, U.
K.) 2, 183-202.

(S) Genain, C. P., Abel, K., Belmar, N., Villinger, F., Rosenberg, D. P,
Linington, C., Raine, C. S., and Hauser, S. L. (1996) Late
complications of immune deviation therapy in a nonhuman primate.
Science 274, 2054—2057.

(6) Smith, C. E., Eagar, T. N., Strominger, J. L., and Miller, S. D.
(2005) Differential induction of IgE-mediated anaphylaxis after soluble
vs. cell-bound tolerogenic peptide therapy of autoimmune encepha-
lomyelitis. Proc. Natl. Acad. Sci. U. S. A. 102, 9595—9600.

(7) Getts, D. R,, Martin, A. J., McCarthy, D. P, Terry, R. L., Hunter,
Z.N,, Yap, W. T., Getts, M. T., Pleiss, M., Luo, X,, King, N. J,, et al.
(2012) Microparticles bearing encephalitogenic peptides induce T-cell
tolerance and ameliorate experimental autoimmune encephalomyelitis.
Nat. Biotechnol. 30, 1217—1224.

(8) Majumdar, S, and Siahaan, T. J. (2012) Peptide-mediated
targeted drug delivery. Med. Res. Rev. 32, 637—658.

(9) Broyer, R. M,, Grover, G. N.,, and Maynard, H. D. (2011)
Emerging synthetic approaches for protein-polymer conjugations.
Chem. Commun. 47, 2212—2226.

(10) Grover, G. N, and Maynard, H. D. (2010) Protein—polymer
conjugates: synthetic approaches by controlled radical polymerizations
and interesting applications. Curr. Opin. Chem. Biol. 14, 818—827.

(11) Gauthier, M. A, and Klok, H. A. (2008) Peptide/protein—
polymer conjugates: synthetic strategies and design concepts. Chem.
Commun. 23, 2591-2611.

(12) Pasut, G., and Veronese, F. M. (2006) PEGylation of Proteins as
Tailored Chemistry for Optimized Bioconjugates; Advances in Polymer

DOI: 10.1021/bc500608f
Bioconjugate Chem. 2015, 26, 669—679



Bioconjugate Chemistry

Science. Vol. 192 Polymer Therapeutics I (Satchi-Fainaro, R., and
Duncan, R, Eds.) pp 95—134, Springer: Berlin.

(13) Harris, J. M., and Chess, R. B. (2003) Effect of PEGylation on
pharmaceuticals. Nat. Rev. Drug Discovery 2, 214—221.

(14) Veronese, F. M. (2001) Peptide and protein PEGylation: a
review of problems and solutions. Biomaterials 22, 405—417.

(15) Sakane, T., and Pardridge, W. M. (1997) Carboxyl-directed
Pegylation of brain-derived neurotrophic factor markedly reduces
systemic clearance with minimal loss of biologic activity. Pharm. Res.
14, 1085—1091.

(16) Knop, K., Hoogenboom, R., Fischer, D., and Schubert, U. S.
(2010) Poly(ethylene glycol) in drug delivery: Pros and cons as well as
potential alternatives. Angew. Chem., Int. Ed. 49, 6288—6308.

(17) Fasting, C., Schalley, C. A., Weber, M., Seitz, O., Hecht, S,
Koksch, B., Dernedde, J., Graf, C., Knapp, E.-W., and Haag, R. (2012)
Multivalency as a chemical organization and action principle. Angew.
Chem,, Int. Ed. 51, 10472—10498.

(18) van Dongen, S. F., de Hoog, H. P., Peters, R. J., Nallani, M.,
Nolte, R. ], and van Hest, J. C. (2009) Biohybrid polymer capsules.
Chem. Rev. 109, 6212—6274.

(19) Pavan, G. M. Kostiainen, M. A, and Danani, A. (2011)
Protein—dendron conjugates for DNA binding: understanding the
effect of the protein core on multivalency. RSC Adv. 1, 1677—1681.

(20) Kostiainen, M. A., Kotimaa, J., Laukkanen, M. L., and Pavan, G.
M. (2010) Optically degradable dendrons for temporary adhesion of
proteins to DNA. Chem.—Eur. J. 16, 6912—6918.

(21) Kostiainen, M. A,, Szilvay, G. R,, Smith, D. K, Linder, M. B,, and
Ikkala, O. (2006) Multivalent dendrons for high-affinity adhesion of
proteins to DNA. Angew. Chem., Int. Ed. 45, 3538—3542.

(22) Kostiainen, M. A, Szilvay, G. R, Lehtinen, J., Smith, D. K,
Linder, M. B, Urtti, A, and Ikkala, O. (2007) Precisely defined
protein—polymer conjugates: Construction of synthetic DNA binding
domains on proteins by using multivalent dendrons. ACS Nano 1,
103—-113.

(23) Patri, A. K, Myc, A, Beals, J., Thomas, T. P., Bander, N. H., and
Baker, J. R,, Jr. (2004) Synthesis and in vitro testing of JS91 antibody-
dendrimer conjugates for targeted prostate cancer therapy. Bio-
conjugate Chem. 15, 1174—1181.

(24) Thomas, T. P., Patri, A. K, Myc, A, Myaing, M. T,, Ye, J. Y,,
Norris, T. B, and Baker, J. R, Jr. (2004) In vitro targeting of
synthesized antibody-conjugated dendrimer nanoparticles. Biomacro-
molecules S, 2269—2274.

(25) Wang, X., Inapagolla, R,, Kannan, S., Lieh-Lai, M., and Kannan,
R. M. (2007) Synthesis, characterization, and in vitro activity of
dendrimer—Streptokinase conjugates. Bioconjugate Chem. 18, 791—
799.

(26) Tam, J. P. (1988) Synthetic peptide vaccine design: Synthesis
and properties of a high-density multiple antigenic peptide system.
Proc. Nalt. Acad. Sci. US.A. 85, 5409—5413.

(27) Klajnert, B., Janiszewska, J.,, Urbanczyk-Lipkowska, Z.,
Bryszewska, M., Shcharbin, D., and Labieniec, M. (2006) Biological
properties of low molecular mass peptide dendrimers. Int. J. Pharm.
309, 208—217.

(28) Klajnert, B., Janiszewska, J.,, Urbanczyk-Lipkowska, Z.,
Bryszewska, M., and Epand, R. M. (2006) DSC studies on interactions
between low molecular mass peptide dendrimers and model lipid
membranes. Int. J. Pharm. 327, 145—152.

(29) Meyers, S. R, Juhn, F. S., Griset, A. P,, Luman, N. R, and
Grinstaff, M. W. (2008) Anionic amphiphilic dendrimers as
antibacterial agents. J. Am. Chem. Soc. 130, 14444—1444S.

(30) Bansal, G., Wright, J. E., Kucharski, C., and Uludag, H. (2005) A
dendritic tetra(bisphosphonic acid) for improved targeting of proteins
to bone. Angew. Chem.,, Int. Ed. Engl. 44, 3710—3714.

(31) Crug, L. J, Iglesias, E., Aquilar, J. C., Gonzalez, L. J., Reyes, O.,
Albericio, F., and Andreu, D. (2004) A comparative study of different
presentation strategies for an HIV peptide immunogen. Bioconjugate
Chem. 15, 112—120.

(32) Wu, G, Barth, R F,, Yang, W, Chatterjee, M., Tjarks, W.,
Ciesielski, M. J., and Fenstermaker, R. A. (2004) Site-specific

678

conjugation of boron-containing dendrimers to anti-EGF receptor
monoclonal antibody cetuximab (IMC-C225) and its evaluation as a
potential delivery agent for neutron capture therapy. Bioconjugate
Chem. 15, 185—194.

(33) Calderon, M., Quadir, M. A, Sharma, S. K., and Haag, R. (2010)
Dendritic polyglycerols for biomedical applications. Adv. Mater. 22,
190—-218.

(34) Khandare, J., Calderon, M., Dagia, N. M., and Haag, R. (2012)
Multifunctional dendritic polymers in nanomedicine: opportunities
and challenges. Chem. Soc. Rev. 41, 2824—2848.

(35) Gupta, S, Tyagi, R, Parmar, V. S,, Sharma, S. K,, and Haag, R.
(2012) Polyether based amphiphiles for delivery of active components.
Polymer 53, 3053—3078.

(36) Wei, Q., Becherer, T. Angioletti-Uberti, S, Dzubiella, ],
Wischke, C., Neffe, A. T., Lendlein, A., Ballauff, M., and Haag, R.
(2014) Protein interactions with polymer surfaces and biomaterials.
Angew. Chem., Int. Ed. 53, 8004—8031.

(37) Deng, Y., Saucier-Sawyer, J. K., Hoimes, C. J., Zhang, J., Seo, Y.-
E., Andrejecsk, J. W,, and Saltzman, W. M. (2014) The effect of
hyperbranched polyglycerol coatings on drug delivery using degradable
polymer nanoparticles. Biomaterials 35, 6595—6602.

(38) Kainthan, R. K, and Brooks, D. E. (2007) In vivo biological
evaluation of high molecular weight hyperbranched polyglycerols.
Biomaterials 28, 4779—4787.

(39) Wilms, D., Stiriba, S. E., and Frey, H. (2009) Hyperbranched
polyglycerols: from the controlled synthesis of biocompatible
polyether polyols to multipurpose applications. Acc. Chem. Res. 43,
129—141.

(40) Calderon, M., Haag, R, and Kratz, F. (2011) Siurelabile
nanotransporter als neuartige drug-delivery-systeme zur behandlung
von krebserkrankungen. J. Onkol. 3, 152—153.

(41) Calderon, M., Welker, P., Licha, K., Graeser, R, Kratz, F., and
Haag, R. (2010) Development of efficient macromolecular prodrugs
derived from dendritic polyglycerol. J. Controlled Release 148, e24—e25.

(42) Calderon, M., Welker, P., Licha, K, Fichtner, I, Graeser, R,,
Haag, R, and Kratz, F. (2011) Development of efficient acid cleavable
multifunctional prodrugs derived from dendritic polyglycerol with a
poly(ethylene glycol) shell. J. Controlled Release 151, 295—301.

(43) Kearney, E. R, Pape, K. A, Loh, D. Y, and Jenkins, M. K.
(1994) Visualization of peptide-specific T cell immunity and
peripheral tolerance induction in vivo. Immunity 1, 327—339.

(44) Thorstenson, K. M., and Khoruts, A. (2001) Generation of
anergic and potentially immunoregulatory CD25+CD4 T cells in vivo
after induction of peripheral tolerance with intravenous or oral antigen.
J. Immunol. 167, 188—195.

(45) Faria, A. M, and Weiner, H. L. (2006) Oral tolerance:
therapeutic implications for autoimmune diseases. Clin. Dev. Immunol.
13, 143—157.

(46) Kretschmer, K, Apostolou, I, Hawiger, D., Khazaie, K,
Nussenzweig, M. C., and von Boehmer, H. (2005) Inducing and
expanding regulatory T cell populations by foreign antigen. Nat.
Immunol. 6, 1219—1227.

(47) Schmitt, E. G., and Williams, C. B. (2013) Generation and
function of induced regulatory T cells. Front. Immunol. 4, 152.

(48) Reichert, S., Welker, P., Calderon, M., Khandare, J., Mangoldt,
D, Licha, K, Kainthan, R. K, Brooks, D. E,, and Haag, R. (2011) Size-
dependant cellular uptake of dendritic polyglycerol. Small 7, 820—829.

(49) Bailon, P., and Won, C. Y. (2009) PEG-modified
biopharmaceuticals. Expert Opin. Drug Delivery 6, 1—16.

(50) Buwalda, S. J., Dijkstra, P. J., Calucci, L., Forte, C., and Feijen, J.
(2009) Influence of amide versus ester linkages on the properties of
eight-armed PEG-PLA star block copolymer hydrogels. Biomacromo-
lecules 11, 224—-232.

(51) Sakaguchi, S. (2004) Naturally arising CD4+ regulatory T cells
for immunologic self-tolerance and negative control of immune
responses. Annu. Rev. Immunol. 22, 531-562.

(52) Fontenot, J. D., Gavin, M. A, and Rudensky, A. Y. (2003)
Foxp3 programs the development and function of CD4+CD25+
regulatory T cells. Nat. Immunol. 4, 330—336.

DOI: 10.1021/bc500608f
Bioconjugate Chem. 2015, 26, 669—679



Bioconjugate Chemistry

(53) Markatseli, T. E., Alamanos, Y., Saougou, L, Voulgari, P. V., and
Drosos, A. A. (2012) Survival of TNF-alpha antagonists in rheumatoid
arthritis: a long-term study. Clin. Exp. Rheumatol. 30, 31—38.

(54) Jenkins, M. K., Khoruts, A., Ingulli, E., Mueller, D. L., McSorley,
S. J, Reinhardt, R. L., Itano, A, and Pape, K. A. (2001) In vivo
activation of antigen-specific CD4 T cells. Annu. Rev. Immunol. 19, 23—
43.

(55) Coombes, J. L., Siddiqui, K. R., Arancibia-Carcamo, C. V., Hall,
J, Sun, C. M, Belkaid, Y., and Powrie, F. (2007) A functionally
specialized population of mucosal CD103+ DCs induces Foxp3+
regulatory T cells via a TGF-beta and retinoic acid-dependent
mechanism. J. Exp. Med. 204, 1757—1764.

(56) Wyszogrodzka, M., and Haag, R. (2008) A convergent approach
to biocompatible polyglycerol “Click” dendrons for the synthesis of
modular core—shell architectures and their transport behavior.
Chem.—Eur. J. 14, 9202—9214.

(57) Sunder, A., Hanselmann, R., Frey, H., and Miilhaupt, R. (1999)
Controlled synthesis of hyperbranched polyglycerols by ring-opening
multibranching polymerization. Macromolecules 32, 4240—4246.

(58) Haag, R, Mecking, S., and Tiirk, H. (2003) Verfahren zur
Herstellung hochverzweigter Polymere. Patent Application
DE10211664A1.

(59) Roller, S, Zhou, H, and Haag, R. (2005) High-loading
polyglycerol supported reagents for Mitsunobu- and acylation-
reactions and other useful polyglycerol derivatives. Mol. Diversity 9,
305-316.

679

DOI: 10.1021/bc500608f
Bioconjugate Chem. 2015, 26, 669—679



