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Covalent Conjugation of Small-Molecule Adjuvants to Nanoparticles

Induces Robust Cytotoxic T Cell Responses via DC Activation

Woo Gyum Kim,™ Bongseo Choi,*$ Hyun-Ji Yang,' Jae-A Han,* Hoesu Jung,*
HyungJoon Cho,* Sebyung Kang,** and Sung You Hong"™*

School of Energy and Chemical Engineering and *School of Life Sciences, Ulsan National Institute of Science
and Technology (UNIST), UNIST-gil 50, Ulsan 689-798, Republic of Korea

ABSTRACT: Specific recognitions of pathogen associated molecular patterns by Toll-like receptors
(TLRs) initiate dendritic cell (DC) activation, which are critical for coordinating innate and adaptive
immune responses. Imidazoquinolines as small-molecule TLR7 agonists often suffer from their prompt
dissemination and short half-life in the bloodstream, preventing their localization to the corresponding
receptors and effective DC activation. We postulated that covalent incorporation of imidazoquinoline
moieties onto the surface of biocompatible nanoparticles (~30 nm size) would enhance their chemical
stability, cellular uptake efficiency, and adjuvanticity. The fully synthetic adjuvant-nanocomplexes led
to successful DC activation at lower nanomolar doses compared with free small-molecule agonists.
Once a model antigen such as ovalbumin was used for immunization, we found that the nanocomplexes
promoted an unusually strong cytotoxic T lymphocyte response, revealing their unique

immunostimulatory capacity benefiting from multivalency and efficient transport to endosomal TLR7.

] INTRODUCTION

Dendritic cells (DCs) are the most potent antigen-presenting cells (APCs), which coordinate between
the innate and adaptive immune systems.' They are specialized to engulf and process antigens and
subsequently present epitopes to elicit robust immune responses.”* APCs express various types of
pattern recognition receptors including lectins or TLRs to distinguish between self- and non-self-
structures. Recognition of pathogen associated molecular patterns (PAMPs) by TLRs generally induces
DC activation.”” Activated DCs present foreign epitopes of antigens onto major histocompatibility
complexes (MHCs), and increase the expression of co-stimulatory molecules (CD80, CD86) to help
cognate interaction with T cell receptor (TCR). The expression of chemokine receptor CCR7 leads DCs

to migrate into lymph nodes, where naive T cells are transformed into functional T lymphocytes
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including cytotoxic T lymphocytes (CTLs).*’

TLR7, located within endosomal compartment, is a promising adjuvant target-site for DC-
mediated immunization. It recognizes nucleotide-derived compounds, including single-stranded RNA
or low-molecular-weight imidazoquinoline derivatives, such as R837 (imiquimod) and R848
(resiquimod).>®'® Yet, promotion of robust CTL responses by small-molecule adjuvants is highly
challenging due to their prompt dissemination through diffusion.*"'"* To overcome these hurdles,
polymeric or inorganic nanoparticles (NPs) encapsulating imidazoquinolines have been introduced to
enhance stability and biodistribution of TLR7 agonists, consequently improving DC activation
efficiency.'*"” Here, we describe the first synthetic approach for preparing covalently linked
imidazoquinoline-nanoconjugates for inducing robust CTL responses (Figure 1). Our design can
entirely avoid the potential time-based release of small-molecule agonists from the non-covalently
functionalized nanocarriers through the interactions between cell membranes and engineered NPs.
However, the challenges associated with our approach are two-fold. First, the design of nanocomplexes
requires multi-step reactions to achieve a molecularly well-defined structure. Second, the synthetic
nanocomplexes should effectively initiate TLR-mediated DC activation and subsequently induce T cell
immunity. To validate our working hypothesis, we designed alkyne-functionalized imidazoquinoline
derivatives and covalently conjugated them with biocompatible NPs to examine their role in DC

activation and generation of CTL response.
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Figure 1. General attributes of Adjuvant-NPs in inducing DC activation and a robust CTL response.
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] RESULTS AND DISCUSSION

Although live-attenuated vaccines can elicit long-term immunity, they have a potential risk of
infection, and practically not suitable vaccine candidates against pathogens such as influenza, HIV, or
Ebola virus.'® In contrast, subunit vaccines provide superior safety profiles and allow tunable design at
the molecular-level to elicit predictable immune responses. However, they are short-lived and poorly
immunogenic. Thus, immunostimulatory adjuvants are required to generate potent T cell immunity.®'®
The advent of engineered nanocomplexes loaded with imidazoquinoline analogues opens up new
opportunities to effectively target TLR7, yet investigations have been established on the basis of non-
covalent encapsulation chemistry. Although CpG oligodeoxynucleotide-NP complexes have been

previously demonstrated,'>*" NPs covalently incorporating the small-molecule cognate ligands without

repeating monomer units have not been reported so far.

To synthesize well-defined molecular adjuvant-nanocomplexes, we designed and prepared an
imidazoquinoline analogue (Adjuvant 1) with a terminal alkyne moiety to couple with azide coated
iron oxide NPs (see Figure 2a). Adjuvant 2 was synthesized from 2,4-quinolinediol as previously
described by the David group.?"** Based on the previous structure-activity relationship studies,”*>** n-
butyl group was introduced at C-2 position to increase TLR7 agonistic potency. Further, an alkyne
functionality as a versatile anchor was placed at N-1 position for next-stage chemical reactions, since
the site modification does not significantly compromise agonistic potency. Molecular structure of
TLR7 agonist, Adjuvant 1, was confirmed by 'H and *C nuclear magnetic resonance (NMR) spectra
(Figures 2b and 2c). As a conjugation platform displaying multivalency, water-soluble and surface-
engineered iron oxide NPs were selected because of their biocompatibility, facile surface modification,
monodisperse size, biomolecule-free structure, and enhanced stability. In addition, they can be
potentially applied as multifunctional agents for diagnostic/therapeutic purposes (e.g. magnetic
resonance imaging (MRI) or photothermal therapy).**** Biocompatible NPs with monodisperse size
ranges of ~30 nm can be used as nanocarriers in vivo, which are optimal for internalization by
immature DCs by facilitating endolysosomal pathway, and can be trafficked into the draining lymph
nodes, thereby enhancing their adjuvanticity.''****** Amine-surface-modified iron oxide NPs (Amine-
NPs) were then reacted with Spacer 3 with an activated ester moiety, to afford Azide-NPs, since azido

functionality can be readily installed and is highly orthogonal and versatile for further transformations.

3
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Finally, Adjuvant 1 was conjugated by Cu'-catalyzed Huisgen 1,3-dipolar cycloaddition reaction, and
treated with 0.1 M Tris buffer (pH 6) to form Adjuvant-NPs (for the details, see the Experimental

Section and the Supporting Information).
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Figure 2. (a) Synthetic scheme of Adjuvant-NPs (i) HBTU, TEA, DCM, (ii) CuSO, - 5H,0, sodium ascorbate,
DMF, (iii) 0.1 M Tris buffer (pH 6), (iv) diluted hydrogen chloride solution. (b, ¢) 'H and '3*C NMR spectra
(MeOD) of Adjuvant 1.

Core- and hydrodynamic sizes of the synthetic nanocomplexes were determined by
transmission electron microscopy (TEM) and dynamic light scattering (DLS) analyses, respectively
(Figures 3a and 3b). TEM image revealed spherical and monodisperse particles with ~11 nm core
diameters of Adjuvant-NPs without any signs of particle aggregation, even after multi-step chemical
modifications. DLS data analysis showed an effective diameter of 31.6 nm and a narrow size
distribution with polydispersity index (PDI) = 0.258. Previously NPs having ~30 nm size have been
demonstrated to be efficiently uptaken by DCs.'**” Moreover, we carried out spectroscopic studies to
examine the effectiveness of imidazoquinoline conjugation. UV-Vis spectrum of Adjuvant-NPs showed
distinct imidazoquinoline peaks at about 225, 246, and 321 nm with slight peak shifts (Figure 3c). To
quantify the loading level, a fluorescence assay was conducted (Figure 3d), since iron oxide NPs are
weakly fluorescent. NHS-fluorescein is an amine reactive fluorescent probe bearing an activated ester

moiety, thus fluorophore can be appended to Adjuvant-NPs to generate Fluorescein-Adjuvant-NPs.
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Based on the standard curve of NHS-fluorescein and iron concentration of NPs, the loading amount of
imidazoquinolines in Adjuvant-NPs was estimated to be 0.139 umol/[mg Fe] (see Supporting

Information, Figures S1 and S2).
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Figure 3. Characterization of Adjuvant-NPs. (a) TEM image of Adjuvant-NPs, (b) DLS analysis, (c) UV-Vis
spectra, and (d) fluorescence spectra.

Further, we evaluated DC activation efficacies by using synthetic TLR7 agonists. Adjuvant-
NPs or free Adjuvant 1' were intraperitoneally injected into mice, and their DCs were harvested 18
hours later. DC activation markers including CD80, CD86, MHC I, and CCR7 were stained with
phycoerythrin (PE)-conjugated antibodies and analyzed by flow cytometry. R848,'® Adjuvant-NPs, or
Adjuvant 1' effectively increased the expression levels of the markers (Figure 4 and Figures S3-S5).
Highly water-soluble Adjuvant 1' acted as an effective stimulant of DC activation at 115.6 nmol or
even at a concentration as low as 69.4 nmol (Figure S3). Amine-NPs showed weak self-adjuvant effect
(Figure S5). Remarkably, 13.9 nmol of Adjuvant-NPs (concentration in loading levels of cognate
ligands) and 115.6 nmol of free Adjuvant 1' induced comparable immunostimulatory activities. This is
attributed to the enhanced avidity as well as effective internalization of the nanocomplexes to the
endosomal TLR7 of DCs. IL-12p40 is known as one of important pro-inflammatory cytokines secreted
from activated DCs to educate naive CDS" T cells.” The secreted IL-12p40 levels of the Adjuvant-NP

treated group were significantly higher than those of groups that were treated with PBS or Amine-NPs
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(Figure S6a). Adjuvant 1’ also induced the production of the secreted IL-12p40 with an almost
identical level. To directly detect the antigen-specific CD8" T cell response, we carried out MHC 1
tetramer assays and observed increased populations of OT-1 peptide-specific CD8" T cells in the
groups treated with Adjuvant 1’ or Adjuvant-NPs compared to those of Amine-NPs (Figure S6b).
These data suggested that adjuvant-NPs induce efficient DC activation leading to the effective

presentation of antigenic peptides on MHC I and subsequent antigen-specific CTL effect.
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Figure 4. Adjuvant effects on in vivo DC activation. (a) flow cytometry analyses, and (b and c) the mean
fluorescence intensity (MFI) levels of DC activation markers (CD80, CD86, CCR7, and MHC I). The P values <
0.05(*) <0.01(**) <0.001(***) were considered significant.

Since TLR7 is expressed inside endosomal compartments of DCs, effective delivery of

antigens and adjuvants into DCs is indispensable for their proper maturation and subsequent immune
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response. However, free small molecules hardly localize to TLRs; thus, they require effective delivery
vehicles. To examine cellular internalization of the nanocomplexes and their appropriate localization in
DCs, we prepared Fluorescein-Adjuvant-NPs as probes (see Supporting Information) and studied their
uptake using confocal fluorescence microscopy (Figure 5a). The complexes were cultured with
immature DCs in vitro in the presence of ovalbumin (OVA) as a model antigen. After 18 hours, the
cells were fixed, and the nuclei and low pH endosomes were stained with DAPI and LysoTracker,
respectively. Fluorescent confocal cell images clearly demonstrated that Fluorescein-Adjuvant-NPs
were localized within endosomes thanks to their suitable particle size (~30 nm) (Figure 5b and Figure
S7),""?° which can assist imidazoquinoline cognate agonists effectively interact with TLR7 within DC

endosomes.

a b

DAPI Lysotracker Fluorescein Co-local Z stacking

) . .

PBS
o . . -
Tam
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Adjuvant-NPs Adjuvant-NPs

-

Figure 5. (a and b) Fluorescence imaging studies to examine the internalization of Fluorescein-Adjuvant-NPs in
DCs. Samples were characterized by confocal fluorescent microscopy.

The efficient DC activation and nanocomplex internalization prompted us to test whether
these mature DCs can elicit sufficient cytotoxic CD8" T cell responses. We performed an in vivo CTL
assay based on the carboxyfluorescein diacetate succinimidyl ester (CFSE) assay to monitor OVA-
specific T cell proliferation.***' Mice were intraperitoneally immunized with 25 ug of OVA protein as
an antigen in the presence of PBS, R848, Amine-NPs, or Adjuvant-NPs as TLR7 agonists. Groups of
mice were primarily immunized for 2 weeks, and additionally boosted for 1 week. After immunization,
mice were intravenously injected with 50:50 mixtures of OT-1 peptide-pulsed (CFSEhi) and unpulsed
(CFSE"™) syngeneic splenocytes to evaluate OVA-specific CTL activity. The population of OT-1

7
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peptide pulsed target cells was analyzed by flow cytometry. It is speculated that if OT-1 specific T cells
are effectively stimulated by matured DCs with OVA protein and adjuvants, the percentage of OT-1
peptide-pulsed (CFSE™) syngeneic splenocytes would be lysed and their population decreased because
of T cell cytotoxicity (Figure 6a). Remarkably, injection of Adjuvant-NPs with 27.8 nmol of adjuvant
together with OVA protein caused 84% target cell lysis. In contrast, small-molecule R848 (28.5 or
142.5 nmol) or Amine-NPs showed negligible to poor (0-25%) cytotoxic responses (Figure 6b). It is
speculated that superior CD8" T cell efficacy of Adjuvant-NPs at low doses of imidazoquinoline
moiety is associated with the enhanced avidity of fully synthesized multivalent adjuvant-NPs and

effective DC internalization.
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Figure 6. In vivo CTL assay on splenocytes. (a) Percentages of OT-1 peptide unpulsed CF SE"™Y (left) and that of
pulsed CFSE"" (right) were analyzed by flow cytometry. Each group was stimulated with indicated adjuvants;
Sample A: R848 10 pg, 28.5 nmol; sample B: R 848 50 pg, 142.5 nmol; sample C: amine-NPs 100 pg Fe; sample
D: amine NPs 200 pg Fe; sample E: Adjuvant-NPs (100 pg Fe, 13.9 nmol of imidazoquinoline); sample F:
Adjuvant-NPs (200 pg Fe, 27.8 nmol of imidazoquinoline) along with OVA protein. (b) The conversion of the
percentages of CFSE™#" based on the negative control of PBS treated group. The P values < 0.01(**) were
considered significant.

u CONCLUSION

We chemically synthesized structurally well-defined molecular adjuvant-nanoparticle conjugates
through multi-step reactions and investigated their potency of their immunostimulatory activity. The

nanocomplexes displaying multiple low-molecular-weight ligands were efficiently internalized by

8
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immature DCs, and they subsequently enhanced in vivo DC activation by facilitating multivalent
interactions between imidazoquinoline moieties and endosomal TLR7. In addition, they induced
increased expression levels of activation markers in the low nanomolar range. Their cellular
localization was validated by fluorescent labeling of the nanocomplexes. Co-administration of the
synthetic adjuvant-nanocomplexes and OVA protein elicited unusually robust antigen-specific
cytotoxic T cell responses. Considering the significant challenges generating cell-mediated immunity
via small-molecule based adjuvant systems, we believe that our synthetic approach can provide a

versatile platform for the rational designing of next-generation vaccines.

] EXPERIMENTAL SECTION

Synthesis of Adjuvant 1: Adjuvant 2*' (400 mg, 1.11 mmol) and TEA (547 pL, 3.89 mmol, 3.5 equiv)
were dissolved in DCM (80 mL). 4-pentynoic acid (142 mg, 1.45 mmol, 1.3 equiv) and HBTU (549
mg, 1.45 mmol, 1.3 equiv) were added at 0 °C, and the solution left to stir overnight at room
temperature. The reaction mixture was concentrated in vacuo and the residue was purified by flash
column chromatography (DCM:MeOH:NH,OH = 9.5:0.5:0.1) to yield the title compound as a clear oil
(261 mg, 53%). '"H NMR (400 MHz, MeOD) &, 0.92 (t, J 7.4 Hz, 3H), 1.42 (dt, J 14.7, 7.4 Hz, 2H),
1.77 (dt, J 15.4, 7.6 Hz, 2H), 2.20 (t, J 2.6 Hz, 1H), 2.34-2.49 (m, 4H), 4.33 (s, 2H), 5.82 (s, 2H), 7.00
(d, J 8.1 Hz, 2H), 7.09 (m, 1H), 7.27 (d, J 8.1 Hz, 2H), 7.41 (m, 1H), 7.65 (dd, J 8.3, 0.4 Hz, 1H), 7.78
(d, J 7.8 Hz, 1H); *C NMR (150 MHz, MeOD) 8¢ 14.1, 15.7, 23.4, 27.8, 30.7, 35.9, 43.6, 49.5, 70.3,
83.5, 115.7, 121.5, 123.4, 126.2, 126.7, 126.9 128.5 129.4 135.4, 136.0, 139.8, 144.8, 152.5, 156.0,

173.8.; HRMS (ESI): Calcd for C;H;3oNsO™ [M+H]": 440.2445, found 440.2445.

Synthesis of Azido-NPs: Spacer 3** (30 mg, 116 umol) dissolved in DMF was added to the Amine-NPs
(1.5 mg Fe). Mixture was stirred at room temperature for a day, then dialyzed in DI water was

conducted for 3 times to remove non-conjugated molecules in excess.

Synthesis of Adjuvant-NPs: Adjuvant 1 (2.55 mg, 5.80 pmol, 15 equiv) dissolved in DMF,
CuSO,4-6H,0 (1.45 mg, 5.80 umol, 15 equiv) and (+)-sodium L-ascorbate (1.15 mg, 5.80 pumol, 15

equiv) was added to Azide-NPs and stirred at room temperature for a day. The reaction mixture was
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dialyzed in DI water for two times then, treated with 0.1 M Tris buffer (pH 6) for 2 times to form
ammonium salt of imidazoquinoline moiety. Solution was filtered through 0.2 um pore size filter and
concentrated to 3 mg/mL Fe dissolved in autoclaved PBS buffer by using centrifugal filter (3000 rpm,

12 min).

u ASSOCIATED CONTENT
Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:
10.1021/acs.bioconjchem.xxxxxxx. Details of synthetic and immunological experimental procedures

and NMR spectra are provided (PDF)
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Figure 1. General attributes of Adjuvant-NPs in inducing DC activation and a robust CTL response.

308x120mm (150 x 150 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Bioconjugate Chemistry Page 14 of 19

@N;NHZ i N [ H; N NH, NTNH, (<}
A o |
N__OH N ] (i) R NN (iv) ©/\(\
@ —. Tk o on e = =
OH N C:H, CaH
QR Uy ¢ &
: : g/ = F\NH NHsCE
2,4-Quinolinediol Adjuvant 2 Adjuvant 1 L Adjuvant2 _____ Adjuvant1
N__NH,
b s
3!
y,//;ﬁ"l’ & HDO MeOH
NH ~
__ 4
= o Ar-H ) ") ¢
— i. i. I " i |
'M‘,JJ o J R ‘ - A I, ‘llll b Jl
c 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
All'-ﬂ > MeOH
i —e —_—k——
l LIIIHLHL I J} ‘H
1 %O ’ 1 50 ' 1 :';o ’ 1 1 o ' 5‘0 8‘0 7‘0 6'0 5‘0 40 3‘0 2‘0

Figure 2. (@) Synthetic scheme of Adjuvant-NPs (i) HBTU, TEA, DCM, (ii) CuSO4 5H20, sodium ascorbate,
DMF, (iii) 0.1 M Tris buffer (pH 6), (iv) diluted hydrogen chloride solution. (b, c) 1H and 13C NMR spectra
(MeOD) of Adjuvant 1.
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29 Figure 3. Characterization of Adjuvant-NPs. (a) TEM image of Adjuvant-NPs, (b) DLS analysis, (c) UV-Vis
30 spectra, and (d) fluorescence spectra.
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Figure 4. Adjuvant effects on in vivo DC activation. (a) flow cytometry analyses, and (b and c) the mean
fluorescence intensity (MFI) levels of DC activation markers (CD80, CD86, CCR7, and MHC I). The P values

< 0.05(*) <0.01(**) <0.001(***) were considered significant.
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Figure 6. In vivo CTL assay on splenocytes. (a) Percentages of OT-1 peptide unpulsed CFSElow (left) and
that of pulsed CFSEhigh (right) were analyzed by flow cytometry. Each group was stimulated with indicated
adjuvants; Sample A: R848 10 ug, 28.5 nmol; sample B: R 848 50 ug, 142.5 nmol; sample C: amine-NPs
100 ug Fe; sample D: amine NPs 200 pg Fe; sample E: Adjuvant-NPs (100 pg Fe, 13.9 nmol of
imidazoquinoline); sample F: Adjuvant-NPs (200 ug Fe, 27.8 nmol of imidazoquinoline) along with OVA
protein. (b) The conversion of the percentages of CFSEhigh based on the negative control of PBS treated

group. The P values < 0.01(**) were considered significant.
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