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Abstract

Synthetic immune-stimulatory drugs such as agonists of the Toll-like receptors (TLR) 7/8 are
potent activators of antigen-presenting cells (APCs), however, they also induce severe side effects
due to leakage from the site of injection into systemic circulation. Here, we report on the design
and synthesis of an amphiphilic polymer-prodrug conjugate of an imidazoquinoline TLR7/8
agonist that in agueous medium forms vesicular structures of 200 nm. The conjugate contains an
endosomal enzyme-responsive linker enabling degradation of the vesicles and release of the
TLR7/8 agonist in native form after endocytosis, which results in high in vitro TLR agonist
activity. In a mouse model, locally administered vesicles provoke significantly more potent and
long-lasting immune stimulation in terms of interferon expression at the injection site and in
draining lymphoid tissue compared to a nonamphiphilic control and the native TLR agonist.
Moreover, the vesicles induce robust activation of dendritic cells in the draining lymph node in
Vvivo.

Introduction

Immunotherapy has gained increasing importance in clinical management of diseases with
high mortality, including cancer and infectious diseases. Especially for cancer treatment,
recent advances in immune therapy using adoptively transferred T cells and monoclonal
antibodies targeting the programmed death/ligand 1 (PD-1/PD-L1) axis have achieved
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ground-breaking clinical outcomes, including complete cure and long-term disease-free
survival of late-stage cancer patients.> Unfortunately, the remarkable therapeutic benefit of
PD-1/L1 antibodies are only achieved in a fraction of patients.2 Hence, a huge unmet clinical
need remains to render immune therapy more efficiently in a broad population of patients.

Evidence emerges that the response to immunotherapy is highly dependent on pre-existing
immunity in patients, especially the status of cellular immunity.3 Therefore, strategies that
mount tumor-specific immunity in patients are highly promising to increase the response
rate of the treatment.* Among several classes of immune-modulatory molecules, agonists of
Toll like receptors (TLR) are of major interest to induce activation of antigen presenting
cells (APCs) and promote antigen presentation to T cells in secondary lymphoid organs.>

TLR7/8 agonists bind to receptors located on endosomal membranes.® Two small molecule
TLR7/8 agonists (imiquimod/Aldara and resiquimod/R-848) are on the market as topical
formulations, but are not suitable for parenteral administrations due to severe systemic
inflammation caused by their rapid diffusion from the site of injection when administered
locally (i.e. subcutaneous or intramuscular).” Furthermore, the latter shortens the duration of
such agonists, which is a downside for effective immune-modulation.8 So far, various
attempts have been performed to enable site-specific immune-activation and to avoid
systematic inflammation by TLR agonists, including modification with lipid motifs911,
chemical conjugation to bio/nanomaterials'2-17 and physical entrapment into nanoparticles
via hydrophobic and electrostatic interactions'®-22, However, these strategies do not allow
for efficient release of the TLR agonist in native form in cellular organelles where the
corresponding TLR receptors are located and hence might reduce the biological activity.

Here, we report on conjugation of an imidazoquinoline (IMDQ) TLR7/8 agonist to
poly(ethylene glycol) (PEG) through a hydrophobic enzyme-responsive and self-immolative
linker (i.e. prodrug formation), which induces self-assembly of the resulting amphiphiles
into vesicular nanoparticles (Figure 1). These structures traffic to lymph nodes, disassemble
under endosomal conditions and provoke robust immune activation /n vivo.

Results and Discussion

For the design of the enzyme responsive linker, we made use of benzyl carbamate residues
capped by a B-glucuronidase (B-GUS) sensitive glucuronide?3:24, which is conjugated to a
PEG chain through an ester bond (Figure 1). Esterases as well as 3-GUS are highly
expressed in endosomes, and upon cleavage of the ester bond and p-GUS-mediated cleavage
of the glucuronide, a self-immolative elimination reaction takes place within the benzyl
carbamate residues, resulting in the release of IMDQ in native form. Note that small
molecule enzyme-responsive prodrugs of imidazoquinolines have been reported before2>,
targeting metabolization by cancer cells that overexpress B-galactosidase. This is an elegant
approach to induce innate immune activation in the tumor microenvironment in response to
cancer cell metabolism-mediated secretion of native imidazoquinoline. However, these
prodrugs have been designed to be hydrophilic which did not alter the pharmacokinetic
profile towards improved lymphatic delivery.
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The convergent synthesis route for the prodrug amphiphiles which we abbreviate as PEG-
GLn-IMDQ (n: number of benzyl carbamate residues in the B-GUS-sensitive linker (GL)) is
presented in Scheme 1. Firstly, building blocks 4 and 8 were coupled via a carbamate bond
to yield compound 9 which contain a single benzyl moiety. After deprotection, the obtained
compound 10 was reacted with 8 yielding compound 11 which contains two benzyl
moieties. The same procedure was repeated to obtain compound 13 which contains three
benzyl moieties. Deacetylation of 10, 12 and 14 yielded compounds 15-1,2,3 (“1,2,3”
represents the number of benzyl repeating units in the linker). The methyl groups of 15-1,2,3
were then exchanged with propargyl alcohol to install an alkyne moiety (compound
16-1,2,3). Next, the hydroxyl group of 16-1,2,3 was activated and conjugated to the aliphatic
amine of IMDQ. Finally, the IMDQ derivatives with 1-3 benzyl repeating units (18-1,2,3)
were conjugated with PEG (MW=5, 2 and 0.75 kDa) bearing an azide group via copper(l)-
catalyzed azide-alkyne cycloaddition to yield the final compounds PEG-GLn-IMDQ (n=1-3,
number of benzyl moieties). As a control, 5kDa PEG directly conjugated IMDQ (PEG5k-
IMDQ) without the B-GUS-sensitive linker was synthesized (synthesis and characterization
details in Supporting information).

The PEG-GLn-IMDQ with different number (1-3) of the benzyl repeating units and MW of
PEG (5, 2 and 0.75 kDa) were used to investigate the self-assembly behavior in aqueous
medium. Hereto, the conjugates were dissolved in tetrahydrofuran (THF) and added
dropwise to deionized water (v/v=1/1) in a low-energy sonication bath. THF was evaporated
under room temperature. As shown in Figure S1, PEG5k-IMDQ was fully water-soluble and
did not form any ordered structures (e.g. PDI=1). PEG5k-GL1-IMDQ formed random
aggregates in water as shown by transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (Figure S1). Interestingly, PEG5k-GL2-IMDQ self-assembled into
vesicular nanoparticles (Figure 1) with a clearly depicted hollow structure by TEM (Figure
2A) and a mean hydrodynamic diameter of 195 nm (PDI=0.2) measured by DLS (Figure
2B). PEG5k-GL3-IMDQ formed larger particles (264 nm, PDI 0.2, Figure S1). In addition,
also PEG2/0.75k-GL2-IMDQ formed nanoparticles in aqueous medium, however, these
appeared to be unstable over time (cf, Figure S2 in Supporting Information) and TEM did
not indicate the formation of vesicular structures (Figure S1). By contrast, PEG5k-GL2-
IMDQ formed stable vesicles (Figure 2C), which was selected for further investigation.
Vesicle-like polymeric nanostructures (e.g. polymersomes) are considered particularly
attractive drug delivery systems.26-3% Notably, vesicles based on synthetic polymer-drug
conjugates were very rarely reported (e.g. conjugates of oligo(ethylene glycol)-camptothecin
and its analogue36:37),

Next, we investigated the enzyme-responsive prosperities of the PEG5k-GL2-IMDQ
vesicles, under conditions that mimic the endosomal milieu. The vesicles were incubated at
pH 5.0 (i.e. endosomal pH) and 37 °C with an esterase to cleave the ester bond between the
PEG chain and GL2-IMDQ and p-GUS which subsequently hydrolyses the glucuronide
motif. The residual linker was expected to be prone to a self-immolative reaction, thereby
releasing IMDQ in native form (Figure 2D). Of note, B-GUS is predominantly present in
endosomal compartments, which is also the intracellular location of TLR7/8 receptors.
Hence, the PEG5k-GL2-IMDQ is optimal to selectively release IMDQ upon cellular uptake
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to trigger the TLR7/8 signaling pathway. To quantify the release kinetics of native IMDQ
from of the PEG5k-GL2-IMDQ vesicles, we measured native IMDQ by high-performance
liquid chromatography (HPLC). As sown in Figure 2E, when the vesicles were incubated in
the absence of the enzymes, minimal release of IMDQ could be detected. By contrast, in the
presence of the enzymes, quantitative IMDQ release reached a plateau after 4 days. This
data suggests efficient release of IMDQ from the vesicles under endosome-mimicking.

Afterwards, we assessed the TLR agonistic activity of the PEG5k-GL2-IMDQ vesicles /in
vitro using the RAW Blue reporter cell assay, which is based on an engineered mouse
macrophage cell line that secretes embryonic alkaline phosphatase (SEAP) in response to
TLR triggering and downstream nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) signaling®. In these experiments, PEG5k-GL2-IMDQ was compared to
native IMDQ, PEG5k-IMDQ (i.e. IMDQ conjugated to a PEG chain through an amide bond)
and GL2-IMDQ (IMDQ modified with the -GUS-sensitive linker but lacking the PEG
chain) as controls. The dose-response curves shown in Figure 3A indicate that PEG5k-GL2-
IMDQ vesicles and GL2-IMDQ showed increased activity in time, likely due to the release
of IMDQ through endosomal enzymatic activity. PEG5k-GL2-IMDQ vesicles were more
potent than the small molecule compound GL2-IMDQ, which we speculate is due to the
enhanced dispersibility in aqueous medium of PEG5k-GL2-IMDQ and/or improved cellular
uptake of nanomaterials over small molecules by antigen presenting cells.1! To underscore
the amphiphilic nature of PEG5k-GL2-IMDQ and their high cellular uptake, we loaded the
vesicles with a hydrophobic Cyanine3 derivative and assessed its cellular uptake by confocal
laser scanning microscopy. Whereas the vesicles promoted substantial cellular
internalization of the dye (Figure S3), PEG5k-IMDQ did not have this ability. Additionally,
the fully water-soluble PEG5k-IMDQ did not show any TLR agonistic activity (Figure 3A)
in the Raw Blue reporter cell assay, thereby hinting a poor cellular uptake of this construct
and/or hindrance in TLR7/8 triggering. Interestingly, the vesicles were even more potent
than native IMDQ after 72 hours of incubation (Figure 3A). Such behavior, showing
increased potency of a chemically modified IMDQ conjugate over native IMDQ has not
been observed in any of our previous research on IMDQ-conjugated nanomaterials’-13:38.11
which highlights the role of the enzyme degradable linker in conferring the PEG5k-GL2-
IMDQ vesicles with high biological activity.

To assess the 7n vivo biological behavior of the PEG5k-GL2-IMDQ vesicles, we employed a
transgenic IFNB+/AB-luc mouse model3° engineered with a luciferase reporter gene linked
to the expression of the type | interferon, IFNB. The vesicles were injected subcutaneously
into the footpad of the mice, followed by non-invasive luciferase bioluminescence imaging.
At 24 hours post-injection, potent innate immune activation occurred in the draining
popliteal lymph node (LN) and at the site of injection, while PEG5k-IMDQ showed much
less potency (Figure 3B). Mice receiving soluble IMDQ developed a strong innate response
throughout their whole body immediately after injection (Figure S4), due to the rapid
leakage of IMDQ from the injection site and subsequent entry into systemic circulation. It is
important to note that the signal in mice receiving PEG5k-GL2-1IMDQ vesicles was even
detectable more than one week post injection (Figure 3B), indicating prolonged immune
stimulation due to the sustained degradation and release of IMDQ. Such long-acting immune
stimulation has been shown to enable less frequent administration and induce more potent
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immune-modulation/vaccination effects.840:41 By contrast, the signal from PEG-IMDQ and
IMDQ rapidly decayed to baseline levels 72 hours post-injection (Figure 3B and Figure S4).

Finally, we sought prove that PEG5k-GL2-IMDQ vesicles are capable of activating dendritic
cells (DCs) which are the most potent class of professional APCs and a major target cell
population in immune therapy and vaccination. Flow cytometry analysis of the draining
lymph node 24 hours post subcutaneous injection of the vesicles showed a strong increase
(~5-fold) in the number of DCs (Figure 4A), indicating the capacity of the vesicles to induce
robust recruitment of DCs to secondary lymphoid tissues. Furthermore, analysis of the
expression of maturation markers CD40, CD80 and CD86 on the surface of DCs, indicated
potent (over ~4-fold) induction of DC maturation in mice by PEG5k-GL2-1IMDQ vesicles
compared to untreated mice (Figure 4B). Taken together, our /n vitro reporter cell assay data
and our in vivo data underscore the ability of the PEG5k-GL2-IMDQ vesicles to induce
robust activation of DCs through TLR7/8 triggering.

In addition, in both /n vivo studies, neither signs of adverse reactogenicity such as severe
swelling, bruising and redness at the site of injection, not any abnormal behavior of mice
treated with PEG5k-GL2-IMDQ vesicles was observed, which gives a first indication
regarding an acceptable safety profile of the vesicles.

Conclusions

In summary, we designed and synthesized PEG5k-GL2-IMDQ, a novel amphiphilic
polymeric prodrug of an imidazoquinoline TLR7/8 agonist that forms vesicles in aqueous
medium. These vesicles degraded specifically in response to endosomal enzymes, thereby
showing high /n vitro TLR agonistic potency. /77 vivo, in mouse models, PEG5k-GL2-IMDQ
vesicles provoked robust and long-acting innate immune-stimulation in draining lymphoid
tissue and avoided systemic inflammation. Furthermore, PEG5k-GL2-IMDQ vesicles
efficiently promoted recruitment of DCs to lymph nodes and induced robust DC maturation.

In previous studies, IMDQ-conjugated nanoparticles were shown to induce, upon
intratumoral injection, potent tumor-specific immune responses. When admixed with protein
antigens in a vaccination setting, robust antigen-specific T cell and humoral response in
mice were mounted.”42:38:43 Based on the highly efficient activation of DCs /n vivo by
PEG5k-GL2-IMDQ vesicles, we expect also these vesicles to be a highly potent
immunotherapeutic and vaccine adjuvant, which will be assessed in future studies, including
strategies to co-formulate antigen by either entrapment into the vesicle core or conjugation
to the vesicle surface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PEG-GL2-IMDQ vesicles
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Figure 1.
Self-assembly of PEG-modified imidazoquinoline (IMDQ) amphiphile prodrug into

vesicular nanoparticles. An optimized amphiphile prodrug bearing two benzyl repeating
units in the linker and PEG5k self-assembles into vesicles. Upon endocytosis by antigen
presenting cells, the vesicles degrade and native IMDQ is released, thereby binding to
TLRY7/8 receptors and triggering immune-activation.
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Figure 2.

(A) TEM image of self-assembled vesicles based on PEG5k-GL2-IMDQ (B) DLS plot of
the PEG5k-GL2-IMDQ vesicles with a mean diameter of 195 nm and low dispersity (0.2).
(C) Stability of the PEG5k-GL2-IMDQ vesicles after dilution in PBS 7.4 and incubated at
37 °C. (n=3) (D) Enzymatic degradation scheme of PEG5k-GL2-IMDQ. (E) /n vitrorelease
of IMDQ from PEG5k-GL2-IMDQ vesicles in the presence of an esterase and p-GUS at pH

5.0 and 37 °C (n=3).
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Figure 3.
In vitro RAW Blue assay and/n vivo immune activation. (A1) Time dependent activation

curves. (A2) EC50 values of the compounds. (n=6: Student #test; ****:p<0.0001,
**:p<0.01) (B1) IVIS imaging of IFNB+/AB-luc reporter mice upon subcutaneous injection
of PEG5k-GL2-IMDQ vesicles and soluble PEG-IMDQ into the footpad. (B2) Fluorescence
signal detected at the local injection site and draining LN of the IFNB+/AB-luc reporter
mice. (n=3)
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Figure 4.

lngvivo recruitment and activation of dendritic cells (DCs) in draining lymphoid tissue. (A)
Flow cytometry analysis of the DC population in the draining lymph node in response to
subcutaneous injection of PEG5k-GL2-IMDQ vesicles. (A1) contour plots and (A2) relative
numbers of DCs. (n=3: Student #test; *:p<0.05) (B) Flow cytometry analysis of the
expression of maturation markers on DCs in the draining lymph node in response to
subcutaneous injection of PEG5k-GL2-IMDQ vesicles. (B1) histograms and (B2)
percentages of DCs expressing a specific maturation marker. (n=3 Student #test;
**%:p<0.001, **:p<0.05)
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Scheme 1.
Synthesis route for PEG-GLn-IMDQ (n=1-3).
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