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Abstract

The functionalization of polymeric nanoparticles with ligands that target specific receptors on
immune cells offers the opportunity to tailor adjuvant properties by conferring pathogen
mimicking attributes to the particles. Polyanhydride nanoparticles are promising vaccine adjuvants
with desirable characteristics such as immunomodulation, sustained antigen release, activation of
antigen presenting cells, and stabilization of protein antigens. These capabilities can be exploited
to design nanovaccines against viral pathogens, such as HIV-1, due to the important role of
dendritic cells and macrophages in viral spread. In this work, an optimized process was developed
for carbohydrate functionalization of HIV-1 antigen-loaded polyanhydride nanoparticles. The
carbohydrate-functionalized nanoparticles preserved antigenic properties upon release and also
enabled sustained antigen release kinetics. Particle internalization was observed to be chemistry-
dependent with positively charged nanoparticles being taken up more efficiently by dendritic cells.
Up-regulation of the activation makers CD40 and CD206 was demonstrated with carboxymethyl-
a-o-mannopyranosyl-(1,2)-o--mannopyranoside functionalized nanoparticles. The secretion of the
cytokines IL-6 and TNF-a was shown to be chemistry-dependent upon stimulation with
carbohydrate-functionalized nanoparticles. These results offer important new insights upon the
interactions between carbohydrate-functionalized nanoparticles and antigen presenting cells and
provide foundational information for the rational design of targeted nanovaccines against HIV/-1.
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Introduction

Functionalization of antigen delivery platforms to enable active targeting of cells is a well-
studied approach for the design of novel adjuvants/delivery formulations for vaccines [1-4].
Activation of cellular receptors on antigen presenting cells (APCs) can enable tailored
immune responses against pathogens [5-7]. One such approach is the use of carbohydrate
moieties to activate pattern recognition receptors like C-type lectin receptors (CLRs), which
play an important role in both innate and adaptive immune responses [2,5,8-11]. This
strategy could be important for viral infections, particularly human immunodeficiency virus
(HIV), due to the key role of dendritic cells (DCs) and macrophages in the spread of the
virus [12-15].

In recent years the HIV epidemic has become one of the greatest challenges for researchers
around the world [16-17]. Since its outbreak in 1981, more than 25 million people have died
of Acquired Immunodeficiency Syndrome (AIDS), and over 33 million people are currently
infected [18]. HIV-1 infection is characterized by the inhibition of the immune response
from CD4* T cells that allows constant replication of the virus and depletion of T helper
cells, which ultimately causes disease progression [12,16,19-21]. One of the mechanisms
that HIV-1 uses to block the immune response due to CD4* T cells is infection of
plasmacytoid DCs to prevent the maturation and proliferation of these cells, resulting in the
induction of a T regulatory lineage [12,14,15,22-24]. Given the multiple roles that DCs play
in the innate and adaptive immune responses, other functions are also affected due to the
interaction of the virus with these cells. These include suppression of TLR7 and TLR9
activation, which are known antiviral Toll-like receptors, and blockage of the release of
Type | and Il interferons [15, 22]. Therefore, it has been hypothesized that activation of DCs
is required to prevent HIV-1 infection [7,15,22].

One of the main strategies to prevent the continuous spread of HIV-1 worldwide is the
development of an efficacious vaccine [16,19,25]. Presently, one of the main foci in the
development of efficacious HIV-1 vaccines is the use of recombinant proteins as antigens
[16,17,26]. Even though these antigens are safe, they are poorly immunogenic, and therefore
need an adjuvant to elicit a robust immune response [26]. In this regard, biodegradable
polyanhydride nanoparticles have shown promise as adjuvants and/or delivery vehicles with
beneficial properties, including antigen stabilization, sustained antigen release, APC
activation, and immune modulation, that can be exploited to formulate a successful HIV-1
vaccine [27-34]. This study focuses on the use of gp41-54Q—-GHC as the immunogen (to be
described in more detail elsewhere), which contains the Heptad Repeat Region 2 (HR2) and
the membrane proximal external region (MPER) of the HIV-1 glycoprotein gp41 [26].
Polyanhydride nanoparticles based on sebacic acid (SA) 1,6-bis(p-carboxyphenoxy) hexane
(CPH), and 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) and CPH were used to
encapsulate and release stable gp41-54Q-GHC immunogen. The nanoparticles were
functionalized with carboxymethyl-a-o-mannopyranosyl-(1,2)-o-mannopyranoside (di-
mannose) to specifically target the macrophage mannose receptor (MMR). Bone marrow
derived DCs were stimulated with these nanoparticles and their activation patterns were
analyzed. The current studies demonstrate the dual capabilities of functionalized
polyanhydride nanoparticles to stabilize an HIV-1 antigen and to target and activate DCs.
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Materials and Methods

Materials

Chemicals needed for monomer synthesis, polymerization, and nanoparticle synthesis
included 1-methyl-2-pyrrolidinone, anhydrous (99+%), terephthalic acid (99+%) and
sebacic acid (99%) and all were purchased from Aldrich (Milwaukee, W1); 1,6-
dibromohexane, 4-p-hydroxybenzoic acid, and triethylene glycol were purchased from
Sigma Aldrich (St. Louis, MO); 4-p-fluorobenzonitrile was obtained from Apollo Scientific
(Cheshire, UK); acetic acid, acetic anhydride, acetonitrile, dimethyl formamide (DMF),
ethyl ether, hexane, methylene chloride, pentane, petroleum ether, potassium carbonate,
sulfuric acid, and toluene were purchased from Fisher Scientific (Fairlawn, NJ). For NMR
characterization, deuterated chemicals, including chloroform and dimethyl sulfoxide
(DMSO0), were purchased from Cambridge Isotope Laboratories (Andover, MA). For
nanoparticle functionalization, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride, N-hydroxysuccinimide, and ethylenediamine were purchased from Thermo
Scientific (Waltham, MA). Glycolic acid was purchased from Acros Organics (Pittsburgh,
PA). B-Mercaptoethanol, Escherichia coli lipopolysaccharide (LPS) 026:B6, and rat
immunoglobulin (rat 1gG) were purchased from Sigma Aldrich (St. Louis, MO). Materials
required for the DC culture medium included: granulocyte-macrophage colony-stimulating
factor (GM-CSF), purchased from PeproTech (Rocky Hill, NJ); HEPES buffer, RPMI 1640,
penicillin-streptomycin, and L-glutamine, purchased from Mediatech (Herndon, VA); and
heat inactivated fetal bovine serum, purchased from Atlanta Biologicals (Atlanta, GA).
Materials used for flow cytometry included: BD stabilizing fixative solution purchased from
BD Bioscience (San Jose, CA); unlabeled anti-CD16/32 FcyR, purchased from Southern
Biotech (Birmingham, AL); allophycocyanin (APC) anti-mouse CD40 (clone 1C10), Alexa
Fluor® 700 conjugated anti-mouse MHC Class Il (I-A/I-E) (clone M5/114.15.2) and their
corresponding isotypes APC-conjugated rat IgG2ax (clone eBR2a), PE-conjugated rat
IgG2ax (clone eBR2a), Alexa Fluor 700®-conjugated rat IgG2bx were purchased from
eBiosciences (San Diego, CA). APC/Cy7 conjugated anti-mouse CD11c (clone N418),
PE/Cy7 conjugated anti-mouse CD86 (clone GL-1), FITC conjugated anti-mouse CD206
(clone C068C2) and their corresponding isotypes APC/Cy7 conjugated Armenian Hamster
IgG (clone HTK888), PE/Cy7 conjugated rat IgG2ax (clone RTK2758), FITC conjugated
rat IgG2ax (clone RTK2758) were purchased from BioLegend (San Diego, CA). Cadmium
selenide quantum dots (QDs) (emission at 630 nm) were a kind gift from Dr. Aaron Clapp at
lowa State University.

Construction of pET-gp41-54Q-GHC

The plasmid encoding gp41-54Q-GHC was constructed based on pET-gp41-54Q (to be
described elsewhere), which encodes 54 amino acids of the C-terminal ectodomain of HIV-1
gp41l (based on M group consensus sequence, MCONG). The terminal lysine residue was
mutated to glutamine. A short linker (GSGSG), followed by a 6xHis tag and a cysteine
residue (C) was attached right after the GIn (Q) by PCR using a forward primer 5’-
CGCGGATCCGAGTGGGAGCGCGAGATC-3’ and a reverse primer 5’-
CCATGAATTCTTAGCAATGGTGATGATGGTGATGTCCCGATCCCGATCCC
TGGATGTACCACAGCCAGTT-3’. The PCR product was digested by BamHI and EcoRlI
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and then ligated into corresponding sites in pET-21a to yield pET-gp41-54Q-GHC.
Construct was confirmed by sequencing.

Expression and purification of gp41-54Q-GHC

Protein expression and purification were performed according to the method of Penn-
Nicholson et al. [35] with a few modifications. For gp41-54Q-GHC expression, E. coli T7
Express lysY/lg (New England Biolabs) was transformed with pET-gp41-54Q—-GHC and
cultured overnight at 37 °C in superbroth containing ampicillin (50 pg/mL). Cells were
diluted 1:100 in fresh superbroth and cultured to 1.0 ODgq at 37°C. Protein expression was
then induced with 1 mM isopropyl-beta-o-thiogalactopyranoside (IPTG) and continued to
grow until ODggq reached 5.0. Cells were harvested by centrifugation at 4,600 rcf for 30 min
in a Sorvall Legend XFR centrifuge (Thermo Scientific). The cell pellet was washed in
phosphate-buffered saline (PBS, pH 7.4) and lysed by sonication using a Branson Digital
Sonifier. The sample was sonicated until the suspension became translucent, followed by
centrifugation at 15,000 rcf for 20 min in Avanti® J-26 XPI centrifuge (Beckman Coulter).
After an additional three repetitions of PBS resuspension, sonication, and centrifugation, the
pellet containing inclusion bodies was solubilized in PBS containing 8 M urea and
sonicated. Insoluble debris was removed by centrifugation at 15,000 rcf for 20 min, and
soluble proteins were bound to Ni-NTA resin (QIAGEN) by mixing on an end to end shaker
overnight at 4 °C. The mixture was loaded onto a column, and the protein was renatured
through serial incubations with 20 bed volumes of PBS containing a decreasing step gradient
of ureaat8 M, 6 M, 4 M, 3 M, 2 M, 1 M, and 0 M. The column was washed with PBS
containing 20 mM imidazole, and the protein was eluted with PBS containing 250 mM of
imidazole. Purified protein was finally dialyzed in PBS (pH 8). The endotoxin content in
gp41-54Q-GHC was quantified using a commercially available QCL-1000 Limulus
Amebocyte Lysate (LAL) kit (Lonza, Switzerland) and found to be <0.1pg/ug of protein,
which is acceptable for use in cell-based assays [36—38] for subunit proteins.

Monomer and polymer synthesis

Monomers of 1,6-bis(p-carboxyphenoxy) hexane (CPH) and 1,8-bis(p-
carboxyphenoxy)-3,6-dioxaoctane (CPTEG) were synthesized as described previously
[27,29,39]. CPTEG:CPH and CPH: SA copolymers of various ratios were synthesized by
melt polycondensation as previously described [39-41]. The chemical structure was
characterized with 'H NMR using a Varian VXR 300 MHz spectrometer (Varian Inc., Palo
Alto, CA) and the molecular mass was determined using gel permeation chromatography
(GPC) on a Waters GPC chromatograph (Milford, MA) containing PL gel columns
(Polymer Laboratories, Amherst, MA). The synthesized 50:50 CPTEG:CPH copolymer had
a M, of 5,400 Da, the 20:80 CPH:SA copolymer had a M,, of 14,400 Da and the 20:80
CPTEG:CPH copolymer had a My, of 7,700 Da. The polydispersity indexes (PDI) of these
copolymers were 1.5, 1.4 and 1.3, respectively. These values are consistent with previous
work [29-33,39].

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2015 July 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vela Ramirez et al. Page 5

Nanoparticle synthesis

Polyanhydride nanoparticles were synthesized using anti-solvent nanoencapsulation as
described previously [42]. Briefly, gp41-54Q-GHC (1% w/w) and 20 mg/mL polymer were
dissolved in methylene chloride (at 4°C for 50:50 CPTEG:CPH and at room temperature
(RT) for 20:80 CPH:SA). The polymer solution was sonicated at 40 Hz for 30 s using a
probe sonicator (Ultra Sonic Processor VC 130PB, Sonics Vibra Cell, Newtown, CT) to
create a homogeneous protein/polymer mixture and rapidly poured into a pentane bath (at
-40°C for CPTEG:CPH and at RT for CPH:SA) at a solvent to non-solvent ratio of 1:250.
Particles were then collected by filtration and dried under vacuum for 1 h.

Nanoparticle functionalization

Synthesis of carboxylated di-mannose—carboxymethyl-a---mannopyranosyl-(1,2)-o-
mannopyranoside was synthesized using an alkenyl fluorous tag as previously reported [43].
Fluorous solid phase extraction (FSPE) was used to purify all the intermediates [44-46]. The
double bond was cleaved by ozonolysis to produce an aldehyde at the reducing end, which
was further oxidized to carboxylic acid by Jones oxidation. The global deprotection of the
protecting groups was carried out by Birch reduction to generate the target dimannoside
[47-50].

Surface functionalization—carboxymethyl-a-o-mannopyranosyl-(1,2)-o-
mannopyranoside was conjugated onto the surface of polyanhydride nanoparticles using an
amine-carboxylic acid coupling reaction [47-50]. Particles with glycolic acid groups on the
surface (linker) and non-functionalized (NF) particles were used as controls. The
conjugation reaction was performed in two reaction steps. Briefly, a nanoparticle suspension
was made in nanopure water (10 mg/mL), and 10 equivalents of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and 12 equivalents of N-
hydroxysuccinimide (NHS), and 10 equivalents of ethylenediamine were added. This
reaction was carried out at 4°C temperature for 1 h at a constant agitation of 17 rcf.
Following the reaction, the particles were centrifuged at 10,000 rcf for 10 min and the
supernatant was removed. The particles were washed with the same volume of nanopure
water, centrifuged at 10,000 rcf for 10 min and the supernatant was removed. A second
reaction was performed with 10 eq. of EDC, 12 eq. of NHS and 10 eq. of the corresponding
functionalizing agent (i.e., di-mannose or glycolic acid) in nanopure water, using constant
agitation at 17 rcf for 1 h at 4°C. Particles were sonicated before and after each reaction to
break aggregates. After the reaction was completed, nanoparticles were collected by
centrifugation (10,000 rcf, 10 min) and dried under vacuum for 1 h.

Nanoparticle characterization

Characterization of morphology and size of both the functionalized and the NF nanoparticles
was performed using scanning electron microscopy (SEM, FEI Quanta 250, Kyoto, Japan)
and quasi-elastic light scattering (QELS, Zetasizer Nano, Malvern Instruments Ltd.,
Worchester, UK). In order to confirm the successful attachment of the glycans onto the
nanoparticles, QELS was used to measure the {-potential of the nanoparticles. To quantify
the amounts of the carbohydrates conjugated to the nanoparticles, a high throughput version
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of a phenol-sulfuric acid assay was used [47,51]. A microplate reader (SpectraMax M3,
Molecular Devices, Sunnyvale, CA) was used to obtain the absorbance of standards and
unknown samples using a wavelength of 490 nm. The total amount of sugar per unit weight
of nanoparticles (ug/mg) was calculated.

Antigen release kinetics

In vitro antigen release kinetics studies were performed using a micro bicinchoninic acid
(BCA) assay. Samples of protein-loaded nanoparticles were suspended in 750 pL of
phosphate buffered saline (0.1 M, pH 7.4) with 0.01% w/v sodium azide and incubated at
37°C and 106 rcf. For each time point, samples were centrifuged at 10,000 rcf for 10 min,
the supernatant was removed and aliquoted at 4°C, and fresh buffer was added to each
sample to maintain perfect sink conditions. Aliquots were analyzed using micro BCA at an
absorbance of 562 nm. Ethylenediamine-functionalized nanoparticles were used as a control
for carbohydrate-modified nanoparticle quantification because the ethylene glycol linker
interfered with the micro BCA assay. The experiment was carried out for 30 days, and the
amount of released protein was normalized with total amount of protein encapsulated, as
described previously [52,53]. After 30 days, the remaining protein was extracted by adding
750 uL of 17 mM NaOH solution. Protein encapsulation efficiency and antigen loss because
of functionalization conditions were estimated using the micro-BCA assay.

Gel electrophoresis

For electrophoretic analysis of released gp41-54Q-GHC, nanoparticles were suspended in
250 uL of PBS (pH 7.4) for 1 h. After incubation, samples were centrifuged at 10,000 rcf for
10 min and supernatants were removed and stored for further analysis. Protein
concentrations were measured using a micro-BCA assay and 500 ng of gp41-54Q-GHC
released from each polymer chemistry was loaded in 4-20% polyacrylamide gels and run for
2 hat 120 V. Protein standards (10-250 kDa) were used to measure molecular weight. The
gels were incubated in fixative solution (40% methanol, 10% acetic acid) for 3 h at 4°C.
Staining with Flamingo fluorescent gel stain (BioRad Laboratories, Richmond, CA) was
performed at 4°C overnight. Gels were scanned using a Typhoon 9410 Variable Mode
Imager (GE Healthcare) [54].

Antigenic analysis of released immunogen

Antigenic analysis of gp41-54Q-GHC immunogen one hour after release from NF and
functionalized 50:50 CPTEG:CPH nanoparticles was performed using an enzyme-linked
immunosorbent assay (ELISA). Briefly, gp41-54Q-GHC (30 ng/well) was coated onto 96
well Costar™ High Binding plates (Costar #3590) using antigen coating buffer (15 mM
Na,COg3, 35 mM NaHCO3, 3 mM NaNj3, pH 9.6) overnight at 4°C. Non-specific antibody
binding was prevented by blocking wells with 290 pL of PBS (pH 7.4) containing 2.5%
skim milk and 10% fetal bovine serum (FBS) (1 h at 37°C). Plates were washed six times
with 0.1% Tween 20 in PBS. Primary antibodies (2F5 [55-57], 4E10 [58] and Z13el [59-
60]) were diluted at 1:1,000 in blocking buffer, and 100 ul were added to each well and
incubated for 2 h at 37°C. The plates were washed six times and secondary antibody (goat
anti-human) (Thermo-Scientific; Cat# 31430) at 1:3,000 dilution was added to each well and
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incubated (100 uL, 1 h at 37°C). The plate washing process was repeated six times and wells
were developed using 100 L of TMB-HRP substrate for 10 min. The reaction was stopped
with 50 pL of 2 N H,SO4. The developed plates were analyzed using a microplate reader
(SpectraMax M3).

In vitro DC uptake and activation

Mice—C57BL/6 (B6) mice were purchased from Harlan Laboratories (Indianapolis, IN).
Mice were housed in specific pathogen-free conditions where all bedding, caging, and feed
were sterilized prior to use. All animal procedures were conducted with the approval of the
lowa State University Institutional Animal Care and Use Committee.

DC culture and stimulation—Dendritic cells were derived from bone marrow, harvested
from tibias and femurs of C57/BL6 mice as described previously in published protocols [40,
47, 50,61]. DCs were >90% positive for CD11c (data not shown). Briefly, mice were
euthanized using carbon dioxide inhalation and cardiac puncture was performed to ensure
death. Bone marrow cells were harvested from tibias and femurs, and cultured in 10 mL of
DC media containing RPMI-1640 with 10% FBS, 5% penicillin/streptomycin, 5% 2mM L-
glutamine, 0.5% gentamycin, 2.5% HEPES buffer, 0.1% p-mercaptoethanol, and 0.1%
granulocyte macrophage colony-stimulating factor (GMCSF) in T-75 cell culture grade
flasks. At day 2, 10 mL of fresh DC media was added. At day 6, 10 mL of DC media were
removed, centrifuged at 250 rcf for 10 min, and cells were resuspended in fresh media and
added to corresponding flasks. At day 8, DCs were removed from the flasks, centrifuged at
250 rcf for 10 min and counted for plating. Cells were plated in 24 well plates using a
concentration of 1 x 108 cells per well. GMCSF was added at 0.1 vol.% to DC media on
days 0, 2, and 6. The DCs were stimulated with 200 ng/mL of Escherichia coli
lipopolysaccharide (LPS, positive control) or polyanhydride nanoparticles at 125 pg/mL
[40,42,45-50]. Non-stimulated (NS) cells were used as a negative control [40,42].

Particle internalization—Analysis of particle internalization was performed by co-
encapsulating quantum dots (QDs, 630 nm emission) and gp41-54Q-GHC. 1% (w/w) QD-
loaded and 1% (w/w) gp41-54Q-GHC-loaded polyanhydride nanoparticles were prepared.
Nanoparticles were suspended in PBS for 48 h and supernatants were collected and used to
stimulate DCs as a control to account for released QDs [61,62]. Bone marrow-derived DCs
were stimulated with nanoparticle formulations for 48 h and using flow cytometry, particle
positive cells were quantified. Non-stimulated cells were used as control [61,62].

Flow cytometric analysis of cell surface markers and CLRs—Cultured cells were
analyzed using flow cytometry as described previously [40-42]. Antibodies for CD40,
CD86, MHC Il and CD206 and their corresponding isotypes were used in these studies.
Samples were analyzed using a Becton-Dickinson FACSCanto™ flow cytometer (San Jose,
CA) and the data was processed using the FlowJo vX software (TreeStar Inc., Ashland, OR).

Cytokine secretion

Supernatants of cultured cells were recovered 48 h post-stimulation and were analyzed for
presence of IL-6, IL1-B, TNF-a, IL-12p40, and IFN-y using a multiplex cytokine assay
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processed in a Bio-Plex 200 ™ system (Bio-Rad, Hercules, CA) as described in previous
protocols [40,52].

Statistical analysis

The cell surface marker expression and cytokine secretion data were subjected to statistical
analysis using Prism6é (GraphPad, La Jolla, CA). One-way ANOVA and Tukey’s HSD were
used to determine statistical significance among treatments and p-values < 0.05 were
considered significant.

Results

Chemistry-dependent gp41-54Q-GHC kinetics and stabilization upon release from
polyanhydride nanoparticles

The sizes of the 20:80 CPH:SA, 20:80 CPTEG:CPH and 50:50 CPTEG:CPH nanoparticles
were 445 + 230 nm, 179 + 48 nm, and 231 £ 77 nm, respectively. The release profiles of
gp41-54Q-GHC from these particles are shown in Figure 1. These data show that over 80%
of the amount of gp41-54Q-GHC encapsulated within the particles was released within 30
days for all three formulations studied. Based upon the release profiles in Figure 1, there was
a more pronounced “burst” release of the immunogen from the 20:80 CPH:SA nanoparticles
within the first 72 h in comparison to the release from the CPTEG:CPH formulations. The
amphiphilic 50:50 CPTEG:CPH formulation provided sustained release of the immunogen
with a small burst. The encapsulation efficiency of gp41-54Q-GHC into the nanoparticles
was chemistry-dependent with 79%, 70%, and 92% for 20:80 CPH:SA, 20:80 CPTEG:CPH,
and 50:50 CPTEG:CPH, respectively. Analysis of released gp41-54Q-GHC via gel
electrophoresis showed that bands consistent with the molecular weight of the non-
encapsulated antigen (~14 kDa) were present in the polyacrylamide gels. As shown in
Figure 1 the ~14 kDa protein band was present for the antigen released from all the
nanoparticle formulations. However, the band corresponding to protein released from 50:50
CPTEG:CPH nanoparticles was more intense than that corresponding to protein released
from 20:80 CPTEG:CPH or 20:80 CPH:SA nanoparticles. A small amount of degraded
protein was visible in the lane corresponding to the 20:80 CPTEG:CPH nanoparticles. No
low molecular weight bands were observed in the lanes corresponding to the other two
chemistries. Based upon these results and upon our previous work, which suggested that
amphiphilic formulations were more suitable for release of stable proteins [31, 41, 42, 50,
52], the 50:50 CPTEG:CPH nanoparticle formulation was chosen to perform the
carbohydrate functionalization and DC activation studies.

Functionalization and characterization of carbohydrate-modified nanoparticles

The functionalization of gp41-54Q-GHC-loaded 50:50 CPTEG:CPH nanoparticles was
carried out using the two-step amine-carboxylic acid coupling reaction. This reaction was
carried out under aqueous conditions, which leads to partial degradation of the
biodegradable nanoparticles, and loss of payload in the process. In order to minimize this
loss, the total reaction time was varied from two to 18 hours and the resultant functionalized
nanoparticles were characterized using QELS to measure zeta potential and the phenol
sulfuric acid assay to quantify the amount of sugar attached to the surface of the
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nanoparticles. The {-potential and the surface concentration of the sugars for each
formulation are shown in Table 1. The NF particles are negatively charged, consistent with
the presence of carboxylic acid moieties with a {-potential of —20 + 2.6 mV, while the
addition of the linker resulted in a positively charged surface with a {-potential of 23 + 3.7
mV. The reaction time did not significantly affect the {-potential of the di-mannose-
functionalized nanoparticles, suggesting that one hour for each coupling reaction was
sufficient. Based upon these results, and because of the importance of minimizing the time
that the nanoparticles were subject to aqueous conditions, a total reaction time of two hours
for carbohydrate functionalization was used in subsequent studies.

gp41-54Q-GHC release kinetics from functionalized nanoparticles

Figure 2 shows the sustained release of gp41-54Q-GHC immunogen from NF, linker-, and
di-mannose functionalized 50:50 CPTEG:CPH nanoparticles for 30 days. The data in Figure
2 shows that surface functionalization did not affect the cumulative release kinetics from the
functionalized nanoparticles in comparison with the NF nanoparticles. The protein loss
because of the exposure to aqueous conditions was observed to be 24-30% for the
functionalized nanoparticles. All the formulations showed a small burst and >80% of the
total amount of protein encapsulated in the nanoparticles was released from all the
formulations.

gp41-54Q-GHC antigenicity was preserved upon release from functionalized nanoparticles

The antigenicity of the released gp41-54Q-GHC from the NF and functionalized 50:50
CPTEG:CPH nanoparticles was evaluated with an ELISA by using three broadly
neutralizing monoclonal HIV-1 antibodies (2F5, Z13el and 4E10) and the results are shown
in Figure 3. Samples of released protein after 1 h in PBS (pH 7.4) at 37°C were compared to
non-encapsulated gp41-54Q-GHC. The relative antigenicity is defined as the ratio between
the antigenicity of the released immunogen compared to that of the non-encapsulated
immunogen. The data in Figure 3 demonstrate that the antigenicity of the immunogen
released from all the formulations was preserved based on its recognition by all three
monoclonal antibodies.

Internalization by DCs was enhanced by functionalization

The internalization of gp41-54Q-GHC-loaded polyanhydride nanoparticles by DCs was
investigated using QDs to identify cells that were positive for nanoparticles. The
internalization data in Figure 4 is expressed as the percentage of cells that were positive for
the QDs. These results indicate that the internalization of the nanoparticles was enhanced by
functionalization. In particular, DCs internalized both linker- and di-mannose-functionalized
nanoparticles more than two-fold in comparison with the NF nanoparticles. About 3% of
DCs internalized the NF 50:50 CPTEG:CPH nanoparticles, while ~6% of DCs internalized
the linker- and di-mannose-functionalized nanoparticles. These results are consistent with
previous studies in which CPTEG:CPH particles were internalized by bone marrow-derived
DCs [54].
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Functionalized nanoparticles enhanced DC expression of CD40 and CD206

DC activation was evaluated by stimulating bone marrow-derived DCs with gp41-54Q-
GHC-containing nanoparticle formulations. Non-stimulated cells were used as a negative
control and cells stimulated with LPS were used as a positive control. The up-regulation of
MHC II, the co-stimulatory surface markers CD40 and CD86, and the CLR, CD206, was
analyzed using flow cytometry. The data in Figure 5 is presented as the mean fluorescence
intensity (MFI) from positive cells compared to isotypes for the marker of interest for each
of the treatment groups. All the markers studied showed significant up-regulation compared
to the negative control, as anticipated. Moreover, the data showed up-regulation of the co-
stimulatory molecule CD40 and the CLR CD206 for cells stimulated with linker- and di-
mannose-functionalized nanoparticles in comparison with NF nanoparticles as shown in
Figure 5. The results also indicated that functionalization did not enhance the up-regulation
of MHC Il and the co-stimulatory molecule CD86 compared to the NF nanoparticles.

Functionalized nanoparticles modulated DC secretion of pro-inflammatory cytokines

The gp41-54Q-GHC-loaded nanoparticles were used to stimulate DCs and the supernatants
were analyzed using a Bioplex assay to measure concentrations of the following cytokines:
IL-6, IL-1B, TNF-a, IL-12p40, and IFN-v. Figure 6 shows that cells stimulated with the
functionalized nanoparticles secreted less IL-6 and TNF-a, compared to that of the NF
treatment, specifically when gp41-54Q-GHC is loaded into the nanoparticles. There were no
significant differences for IL-1p, IL-12p40, and IFN-y secretion between cells stimulated
with antigen-loaded NF and functionalized particles (data not shown). The cytokine
secretion from DCs stimulated with all the nanoparticle treatments was enhanced
significantly compared to the negative control.

Discussion

Surface functionalization of polymeric nanoparticles to achieve targeted delivery of antigen
has been used to enhance vaccine efficacy by directing antigens to specific cells of the
immune system [2,3,8,41-42,47,53]. Previous studies have shown that particle size, charge,
shape, chemistry and surface functionality affect the immune response [28,31-32,40,47].
Therefore, rational design of particle-based adjuvants must involve optimization of these
attributes to enhance the efficacy of the immune response. This strategy has also been
utilized to mimic pathogenic signals in order to generate potent and protective immune
responses [39-42]. In the current studies, the HIV-1 immunogen gp41-54Q-GHC was
encapsulated into different polyanhydride formulations functionalized with carbohydrates
and the stability of the released gp41-54Q-GHC and the effect of the functionalization on
DC activation were investigated.

The HIV-1 antigen gp41-54Q-GHC was first encapsulated in three different polyanhydride
nanoparticle formulations, i.e., 50:50 CPTEG:CPH, 20:80 CPTEG:CPH and 20:80 CPH:SA.
These nanoparticles enabled sustained antigen release kinetics and provided an appropriate
environment to preserve the primary structure of gp41-54Q-GHC. Released protein from
50:50 CPTEG:CPH nanoparticles displayed a more intense band after gel electrophoretic
analysis when compared to the other formulations. This result combined with the high
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encapsulation efficiency of the protein and the amphiphilic properties of this copolymer
suggested that this chemistry was the most appropriate to stabilize gp41-54Q-GHC
[30,31,53]; accordingly, this chemistry was chosen for further studies with carbohydrate
functionalization and DC activation.

The functionalization of antigen-loaded polyanhydride nanoparticles was optimized and the
total reaction time was reduced to two hours with 24-30% loss of immunogen during the
process. As shown in Figure 2, the release kinetics of gp41-54Q-GHC from the different
polyanhydride nanoparticle formulations displayed similar behavior, independent of the type
of functionalization (i.e., linker and di-mannose) and was consistent with the release of the
immunogen from the NF nanoparticles [29]. All these formulations provided sustained
release of gp41-54Q-GHC, which is a desirable attribute for vaccine formulations. This is
because it has been demonstrated previously that prolonging the presence of antigen in the
host can improve the generation of antigen-specific memory cells that can trigger potent
immune responses towards future infections [19,32].

The gp41-54Q-GHC immunogen released from the functionalized polyanhydride
nanoparticles maintained its antigenic activity upon release, which was tested by its ability
to bind to three monoclonal HIV-1 antibodies: 2F5, 4E10 and Z13el (Figure 3). The slight
increase in the relative antigenicity of the protein released from the NF nanoparticles with
the 2F5 antibody and that released from all the nanoparticle formulations with the 4E10
antibody may be attributed to minor conformational changes of the antigen after
encapsulation and release, as observed previously [31,52-53,62-63]. These results indicated
that the functionalization process did not significantly affect the antigenicity of gp41-54Q-
GHC upon release. The small changes in antigenicity, if any, may be attributable to the
encapsulation and release processes, as shown previously [31,52-53,63-64].

It is known that cells internalize positively charged nanoparticles more effectively than
neutral or negatively charged nanoparticles [2-3,8]. Previous studies have demonstrated the
effect of surface charge on particle internalization and the results from the current studies
are consistent with these studies [39-41]. Functionalization with linker results in positively
charged nanoparticles, which were internalized more efficiently by DCs, as shown in Figure
4. There were significant differences in cells positive for nanoparticles between the
functionalized and the NF nanoparticles, indicating the importance of surface charge and/or
specific internalization pathways (i.e., mannose receptor-mediated endocytosis) with respect
to particle uptake. The enhanced internalization was observed for both the di-mannose- and
the linker-functionalized nanoparticles, suggesting that surface charge may be more
important than receptor-mediated uptake. On the other hand, previous work has shown that
targeting specific receptors such as the macrophage mannose receptor by functionalizing
nanoparticles with carbohydrates such as di-mannose resulted in enhanced APC activation
[39-41,48]. Based on these observations and the current work, it is hypothesized that
combinatorial use of both surface charge and functionalization with ligands that target
specific CLRs may be important for enhanced internalization of the functionalized
nanoparticles. This enhanced internalization can lead to the efficient delivery of antigen to
the APCs, which is important for the induction of robust T cell-mediated immune responses
[2-3,40,65]. It is important to note even though only a small percentage of cells were
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positive for CPTEG-containing particles in vitro, antigen-encapsulated 50:50 CPTEG:CPH
formulations have been shown in previous studies to induce protective immunity to a
subsequent live challenge [32,34]. In addition, it has been hypothesized that HIV-1 infection
of DCs via dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN) may cause DC-DC viral transmission, or DC-T cell infection amplification
[66,67]. In addition, it is known that DC-SIGN* immature DCs, which are located in
vaginal, cervical and rectal mucosa, are the first type of cells to encounter the HIV-1 virion
[68]. It is also known that DC-SIGN captures HIV-1 in the periphery and facilitates its
transport to secondary lymphoid organs rich in T cells [66]. While these functions are
performed by DC-SIGN in DCs, they are performed by the MMR in macrophages and
epithelial DCs, which are present at mucosal surfaces [68, 69]. In this regard, surface
functionalization of nanoparticle-based vaccines or anti-viral delivery vehicles with
carbohydrates offers the possibility to target CLRs such as the MMR or DC-SIGN in
macrophages or dendritic cells.

The appropriate activation of APCs is an important component of an immune response
towards pathogens [1,16,47-48,50]. Specifically, during HIV-1 infection, DCs and
macrophages play critical roles in the induction of robust and balanced immune responses
[1-2,14-16,19,22-23]. Even though DC-SIGN has been identified as a key player in HIV-1
infection, the presence of the MMR on epithelial DCs and macrophages offers the
possibility to specifically target nanovaccines and/or anti-viral delivery vehicles towards
these cellular populations, since mucosal vaccination has been shown to elicit antibodies
across these surfaces, specifically in vaginal and genital tissues [70]. Therefore, up-
regulation of APC activation markers, including CD206, is a desirable characteristic of
adjuvants used in conjunction with an HIV-1 vaccine [25,52-53]. All the nanoparticle
formulations studied herein enhanced the DC surface expression of MHC I, the co-
stimulatory molecules CD40 and CD86, and the CLR CD206 compared to non-stimulated
cells (Figure 5). While cells stimulated with the carbohydrate-functionalized nanoparticles
showed enhanced expression of CD40 and CD206 compared to cells stimulated with NF
nanoparticles, the surface expression of CD86 and MHC Il were similar in cells stimulated
by both NF and functionalized nanoparticles. The MFI of cells stimulated with the
gp41-54Q-GH-encapsulated nanoparticles was higher than that of the cells stimulated by the
NF nanoparticles, regardless of functionalization (data not shown). The enhanced expression
of CD40 and CD206 is consistent with the internalization data of Figure 4 because it has
been shown previously that particle uptake is required for the up-regulation of these
molecules [41-42]. It is known that CD40 is important for DC maturation that drives T cell
activation, while CD206-mediated antigen delivery has been shown to enhance humoral
immune responses [1,2,10,65,71]. These characteristics are desirable when designing an
HIV-1 vaccine due to the important role of a balanced immune response involving both
cellular and humoral components [19,72]. The results in Figure 5 also indicated that
functionalization did not enhance the up-regulation of MHC |1 and the co-stimulatory
molecule CD86 compared to the NF nanoparticles. This observation suggests the presence
of a bystander effect, which enables cells that are in close proximity with nanoparticles to
enhance their surface expression of MHC Il and CD86, rendering nanoparticle
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internalization unnecessary [48,54]. These data are consistent with previous studies that also
postulated a bystander effect for up-regulation of MHC Il and CD86 [48,54].

Nanoparticle functionalization modulated cytokine secretion by DCs, as shown in Figure 6.
The secretion of IL-1f, IL-12p40 and IFN-y was similar in cells stimulated by NF or
functionalized nanoparticles. In contrast, the DC secretion of IL-6 and TNF-a was higher
when stimulated with the NF nanoparticles in contrast to the functionalized nanoparticles.
This observation may be attributed to the higher amount of antigen present in the NF
nanoparticles compared to that in the functionalized nanoparticles. These results are
consistent with the mass of gp41-54Q-GHC released from the nanoparticles within the first
72 h as shown in Figure 6. In control experiments, it was demonstrated that the antigen-
containing nanoparticles (regardless of functionalization or lack thereof) resulted in higher
cytokine secretion than their respective “blank” (i.e., no antigen) counterparts. The antigen-
dependent response of cytokine secretion suggests that the higher amount of protein
encapsulated within the NF nanoparticles compared to the carbohydrate-functionalized
nanoparticles may be important and is consistent with previous observations [5]. The
presence of antigen within the particles appears to be more important for IL-6 and TNF-a
secretion than for the secretion of 1L-1p, IL-12p40 and IFN-y. These results are consistent
with previous work, in which it has been shown that when targeting specific CLRs such as
SIGNRL, there is a decrease in the secretion of cytokines such as IL-6 or TNF-a [73,74]. It
has also been shown using a colitis model that deficiency of this receptor results in a
decrease in the secretion of these cytokines [75]. These results suggest that creating
combinations of NF and functionalized nanoparticle formulations may provide the benefits
of enhanced internalization, up-regulation of cell surface markers, and enhanced secretion of
the appropriate cytokines, all of which will lead to potent immune responses.

The current experiments demonstrate that polyanhydride nanoparticles can serve as a
promising adjuvant and/or delivery system for an HIV-1 nanovaccine. The studies provide
important insights upon the behavior of APCs when stimulated with nanoparticles of
different chemistries, surface charge, functionalization, and antigen encapsulation. Such
insights are valuable for the rational design of adjuvants/delivery vehicles for vaccine
development. The desirable characteristics of the polyanhydride nanoparticle platform
include the provision of antigen stability, sustained release, enhanced particle uptake, and
DC activation. Carbohydrate functionalization of the nanoparticles enhanced their adjuvant
capabilities by enabling charge and receptor-mediated uptake mechanisms. The current
studies demonstrate the potential of using functionalized polyanhydride nanoparticles as an
adjuvant/delivery vehicle for HIV-1 antigens and provide the opportunity to tailor specific
properties to lead to efficacious immune responses downstream.

Conclusions

In these studies, carbohydrate-functionalized polyanhydride nanoparticles were investigated
as targeted antigen delivery vehicles and adjuvants for gp41-54Q-GHC, an HIV-1 antigen.
Polymer chemistry, surface functionalization, and antigen encapsulation were analyzed and
their effect on DC activation was evaluated. The results demonstrated that amphiphilic
polyanhydride nanoparticles released antigenic gp41-54Q-GHC and that functionalization
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enhanced particle internalization. Functionalization also enhanced the up-regulation of DC
activation markers, while regulating cytokine secretion. These data offer important insights
into the performance of functionalized nanoparticles with respect to releasing stable HIV-1
immunogens and activating DCs. Active targeting of these nanoparticles by
functionalization with carbohydrates offers a promising opportunity to design efficacious
vaccine delivery systems for HIV-1.
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Figure 1.

gp41-54Q-GHC antigen release kinetics from polyanhydride nanoparticles and structural
stability upon release. A) Cumulative fraction of gp41-54Q-GHC released from (@) 50:50
CPTEG:CPH, (x) 20:80 CPTEG:CPH and (=) 20:80 CPH:SA nanoparticles. Error bars
represent standard error of the mean; results are representative of two independent
experiments with duplicate samples used in each experiment. B) Primary structure analysis
of released gp41-54Q-GHC by gel electrophoresis. Samples were analyzed after one hour of
release from 50:50 CPTEG:CPH, 20:80 CPTEG:CPH and 20:80 CPH:SA nanopatrticles.
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Figure 2.
Cumulative fraction of gp41-54Q-GHC released from (@) NF, (x) linker- and (O0) di-

mannose-functionalized 50:50 CPTEG:CPH nanoparticles. Error bars represent standard
error of the mean; results are representative of two independent experiments with duplicate
samples used in each experiment.
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Figure 3.
Antigenic analysis of released gp41-54Q-GHC at 37°C from NF, linker-, and di-mannose-

functionalized 50:50 CPTEG:CPH nanoparticles. Antibody binding capability was measured
by ELISA using three HIV monoclonal antibodies: Z13e1, 2F5, and 4E10. Error bars
represent standard error of the mean from results obtained from two independent
experiments with triplicate samples in each experiment.
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Figure 4.
Cellular internalization was enhanced by positively charged polyanhydride nanoparticles.

The internalization by DCs of QD-loaded NF, linker-, and di-mannose-functionalized
nanoparticles was analyzed using flow cytometry. Error bars represent standard error of the
mean; results are representative of three independent experiments with triplicate samples
used in each experiment.

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2015 July 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vela Ramirez et al.

2000+ .
+= T
1500+
i
=
o 1000+
I
=
500+
0 ] 1 T T
o 2 & 23
N 3 N &
\% O
@
S
8000+ .t
—_
* #
6000 .
i -
=
© 4000
<
(]
9 T
20004
0 T T T T
& 2 & $
8 DR
Vv &
@
&
Figure 5.

CD86 MFI

CD206 MFI

Page 23

10000-
8000- :IE
* * *
6000- —x= 7
4000 L %
2000 %
0 T T T T
9 > & < Q
N 3 ¥ &
% &
<&
¥
12000-
10000- * # o
8000+ L2
#
6000+
T T
4000+
2000+
0 T L L L]
&) =) & < o
> \3 < \s(.e (\ob
A% ,bk‘
&
0’\'

Di-mannose-functionalized nanoparticles enhanced DC expression of co-stimulatory
molecules and CLRs. After stimulation with either 125 pg/mL of NF or functionalized
nanoparticles for 48 h, DCs were harvested and analyzed by flow cytometry for surface
expression of MHC 11, CD86, CD40, and CD206. LPS-stimulated and non-stimulated cells
(NS) were used as positive and negative controls, respectively. Data are expressed as the
mean + SEM of three independent experiments performed in triplicate. * and # represent

groups that are statistically significant (p < 0.05) compared to the NS or NF groups,
respectively. MFI = mean fluorescence intensity.
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Figure 6.

Enhancement of cytokine secretion after stimulation with NF nanoparticles is consistent
with the amount of gp41-54Q-GHC released from polyanhydride nanoparticles. After
stimulation with 125 pug/mL of NF or functionalized nanoparticles for 48 h, supernatants
were collected and assayed for IL-6 and TNF-a. Data is represented as mean concentration
of cytokines + the SEM of three independent experiments performed in triplicate for
antigen-loaded nanoparticles and two independent experiments in triplicate for blank
nanoparticles. LPS was used as a positive control stimulant, and non-stimulated cells (NS)
were used as a negative control. LPS control had the following MFI values: 50,000 for IL-6
and 25,000 for TNF-a. * and # represent statistical significance (p < 0.05) compared to the
NS or NF groups, respectively. Cumulative mass of released gp41-54Q-GHC from NF and
functionalized nanoparticles over 72 h. Results are expressed as the average of two
independent experiments with duplicate samples in each.
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