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Novel synthetic vaccines as immunotherapy approaches for HIV are interesting strategies that imply big

challenges as they increase the poor immunogenic properties of peptide epitopes and their structural

damage from the physiological environment. In this work, we used fourth-generation polyamidoamine

dendrimers (G4-PAMAM) to increase the immunoglobulin responses (in vivo) induced by two peptide

epitopes (pPGT122: DIIGDIRQAH and pVRC03: DGGANNTSNETFR), both recognized by broadly

neutralizing antibodies (bNAb) on gp120-HIV type 1. pPGT122 and pVRC03 were identified on the gp120

surface via recognition by bNAb by using X-ray diffraction-derived structures obtained from the Protein

Data Bank. pPGT122 and pVRC03 were coupled to the G4-PAMAM molecule by ligand diffusion using

molecular dynamics (LDMDS) simulations and their energetic values were calculated by using the

MMGBSA approach. Additionally, docking and MD simulations showed the affinity of pPGT122 and

pVRC03 for MHC-I/II. G4-PAMAM–peptide complexes were chemically characterized through MALDI-

TOF-MS, LC-ESI-QTOF-MS, atomic force microscopy (AFM) and 1H NMR spectroscopy. Then, the G4-

PAMAM–peptide complexes were assayed in vivo by intranasal administration in female BALB/cJ mouse

groups, showing that both peptides were immunogenic systemically and in the mucous membrane (in

nasal and vaginal washes) via increase in IgG and IgA, respectively. This demonstrated that G4-PAMAM

can be used as a nanocarrier for immunogenic peptides.
1. Introduction

Human immunodeciency virus infection and acquired
immune deciency syndrome (HIV/AIDS) are worldwide health
issues that affect 36.7 million people living with HIV-1. In 2016,
1.8 million people newly infected with HIV were diagnosed, and
1.0 million people died from AIDS-related diseases.1 Currently,
there are no prophylactic vaccines or immunotherapies that
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signicantly decrease HIV morbidity or prevent AIDS-related
diseases.2 Meanwhile, combined antiretroviral therapy is
susceptible to viral resistance and is not a cure for HIV/AIDS.
Sexual intercourse is the most common HIV transmission
route.3 Therefore, mucosal immunity is crucial to block HIV-
sexual transmission; thus, it is the best anatomical region to
serve as a focus for strategies for HIV-1 prevention and/or
treatment.4 The HIV envelope glycoprotein (i.e., gp120) is the
major target for the design of prophylactic vaccines against
HIV;5 gp120 consists of ve variable regions (V1–V5) and ve
constant regions (C1–C5) connected by an antiparallel sheet.6 It
interacts with the CD4 receptor in T-CD4+ lymphocytes, leading
to HIV infection.6 To prevent HIV infection by T-CD4+
lymphocytes, antibodies must bind to gp120 to prevent gp120–
CD4 complex formation. The structural characterization of
broadly neutralizing antibody (bNAb)–gp120 complexes is
useful for identifying conserved peptide epitopes in gp120 by
using in silico tools. Thus, one can decipher the gp120 regions
targeted by antibodies, such as the CD4 binding site, the V3
loop, and the C4/V3 and V2/V1 conserved protein regions.5,7,8

Antibodies against V2 or V3 decreased the risk of HIV infection
in an RV144 vaccine trial.9 However, only small cohorts of
patients with chronic HIV-1 infection produce bNAbs. Because
This journal is © The Royal Society of Chemistry 2020
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of this, it is necessary to elicit immune responses to conserved
peptide epitopes to prevent HIV-1 transmission.10 Vaccines
based on synthetic peptide epitopes from gp120-C4/V3 have
been evaluated in animal models using intranasal administra-
tion, which demonstrates their capability to induce strong
immune responses in vaginal mucous membrane and in sera.4

The use of bNAbs (PGT122 and VRC03) in treatment with
passive immunization has been evaluated in HIV-seropositive
patients, in which they induced sustained serological remis-
sion and neutralization of the virus.11 PGT122 is a bNAb IgG
isotype that binds to V3 in gp120, which neutralizes 60–70% of
HIV isolates and recognizes glycosylated regions via an allo-
steric mechanism.7 VRC03 is a bNAb IgG isotype that binds CD4
in gp120. In this sense, it is necessary to identify gp120 peptide
epitopes recognized by PGT122 and VRC03 to evaluate their
immune responses in mucosal tissues. However, the individual
peptide epitopes could be poorly immunogenic, non-
absorbable in mucosal tissue, or damaged due to physiolog-
ical environmental conditions, among other disadvantages.
These challenges may be resolved by the use of nanocarriers as
adjuvants, such as fourth-generation polyamidoamine den-
drimers (G4-PAMAM), which have been proposed to improve
cellular uptake in antigen-presenting cells.12–14

In this work, two peptide epitopes were identied by the in
silico dissociation of crystallographic models of gp120-PGT122
and gp120-VRC03 and then subjected to docking and molec-
ular dynamics simulations with G4-PAMAM and MHC-I/II.
These peptides (denoted as pPGT122 and pVRC03) alone or in
complex with G4-PAMAM were administered by the intranasal
route in a mouse model to evaluate their immune responses in
sera as well as in vaginal and nasal washes.

2. Materials and methods
2.1. Computational methods

2.1.1. Dissociation for peptide identication. We obtained
the structural details of the gp120–bNAb complex (VRC03,
PGT122) with a cutoff of 2.5 �A from the PDB structures 4CC8
and 4NCO using UCSF CHIMERA v1.9.15 Two peptide epitopes
(pPGT122: DIIGDIRQAH and pVRC03: DGGANNTSNETFR) were
identied from gp120 molecular surfaces that are recognized by
bNAb as previously described.14

2.1.2. Physicochemical properties and toxicity of peptides.
The Innovagen server (https://pepcalc.com/) was used to predict
the physicochemical properties of the peptide epitopes, and
TOXINPRED (http://crdd.osdd.net/raghava/toxinpred/) was
used to predict their toxicity.16

2.1.3. Molecular modeling and MDS of the peptide. The
three-dimensional structures (3D) of pPGT122 and pVRC03
were predicted by the PepFold 3.0 server,17 and these structures
were then submitted to the 3D rene server (http://
sysbio.rnet.missouri.edu/3Drene/).18 Ramachandran plots of
pPGT122 and pVRC03 were determined19 using the RAMPAGE
server (http://mordred.bioc.cam.ac.uk/�rapper/rampage.php).

Prior to the peptide diffusion of G4-PAMAM using LDMDS,
the 3D model of the peptides was submitted to 100 ns-long MD
simulations to obtain the most populated conformer using the
This journal is © The Royal Society of Chemistry 2020
Amber 16 package20 and the ff14SB force eld.21 Peptides were
embedded in a dodecahedral box containing a TIP3P water
model and neutralized using counterions. The water model
extended 1 nm between the peptide and the edge of the box. The
solvated peptide was equilibrated by performing energetic
minimization using the steepest descent through 1000 steps
followed by 1 ns equilibration at 300 K, in which the solvent was
allowed to relax, whereas the protein was restrained. MD
simulations were run with an NPT ensemble at 300 K using the
V-rescale algorithm22 and 1 bar pressure using Parrinello–Rah-
man dynamics. The LINCS algorithm23 was used to constrain all
bonds, including hydrogen atoms, and the SETTLE algorithm
was used24 to constrain the water molecules. The time step for
the simulations was 2 femtoseconds (fs). The van der Waals
forces were treated using a cutoff of 1.2 nm. The particle mesh
Ewald method25 was used to treat the long-range electrostatic
forces, and the coordinates were saved every 0.5 ps. Aer
obtaining the most populated conformation, each peptide was
placed around the charge-neutral G4-PAMAM at a ratio of 10
peptides to 1 dendrimer at distances between 7.0 and 15�A from
the dendrimer.

2.1.4. LDMDS to form G4-PAMAM–peptide complexes. The
charge-neutral G4-PAMAM structural data (3D models) force eld
parameters were obtained from http://www.physics.iisc.ernet.in/
�maiti/dbt/home.html. Ligand diffusion molecular dynamics
simulation (LDMDS)26 studies were performed for the charge-
neutral G4-PAMAM with the Amber 16 package20 using the
ff14SB force eld21 and the generalized Amber forceeld (GAFF).27

The parameters for G4-PAMAM were obtained from the ff14SB
force eld.21 The topologies for G4-PAMAMwere built by the LEaP
module andminimized and equilibrated with the Sander module
and pmemd.cuda in Amber 16 through the use of graphical unit
processors.20

LEaP was used to place the counterions to mimic neutral
physiological conditions in a rectangular box of water using
a TIP3P water model of 12.0 �A,28 where a single G4-PAMAM
molecule was solvated and neutralized. The molecule was mini-
mized and equilibrated by the SHAKE algorithm,29 using 5000
steps of steepest descent minimization, 1000 picoseconds (ps) of
heating, 1000 ps of density equilibration with weak restraints on
the complex, and 10 ns of constant pressure equilibration at 310
K with hydrogen atoms to allow a 2 femtosecond (fs) time step,
and the use of Langevin dynamics for temperature control. The
particle mesh Ewald method (PME)30 was used to treat the long-
range electrostatic interactions under periodic conditions with
a direct space cutoff of 10 �A, and a similar cutoff was employed
for the van der Waals interactions. The equilibration was run as
100 ns-long MD simulations without position restraints with
periodic boundary conditions (PBC) and an NPT ensemble at 310
K. The time step of the MD simulations was set to 2.0 fs, and the
SHAKE algorithm29 was used to constrain the bond lengths at
their equilibrium values. Temperature and pressure were main-
tained using the weak-coupling algorithm31 with values of the
coupling constants sT and sP of 1.0 and 0.2 ps, respectively (310
K, 1 atm). The coordinates were retrieved every 20 ps for analysis.
AmberTools 16 was used to analyze the time-dependence of the
RSC Adv., 2020, 10, 20414–20426 | 20415
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solvent-accessible surface area (SASA), and the radius of gyration
(RG) was used to obtain the different G4-PAMAM conformers.

2.1.5. Binding free energy calculations of G4-PAMAM–

peptide complexes. The binding free energy values of the
G4-PAMAM–peptide complexes were determined using the
MM/GBSA approach32,33 provided in the Amber 16 suite; 1500
snapshots were obtained at time intervals of 100 ps from the last
150 ns of the MD simulations of the G4-PAMAM–peptide
complex. For the MHC-II/I–peptide complexes, 800 snapshots
from the last 80 ns of the simulations were obtained using 0.1 M
NaCl and the generalized Born (GB) implicit solvent model.34 The
binding free energy of each protein–ligand complex was deter-
mined as described elsewhere.35

2.1.6. Docking and MD simulations of peptides on MHC-II
and MHC-I. The CLUSPRO 2.0 server (https://cluspro.bu.edu/
publications.php)36 was used to perform the docking study of
the epitope peptides on the MHC class II HLA-DR4 molecules
(PDB: 1D5M).37,38 Additionally, docking studies of the target
peptides onMHC-I HLA-B5703 (PDB: 2VBQ) were performed. The
parameters used for the MHC-II/I–peptide complexes were ob-
tained from the ff14SB force eld.21 The topologies for the MHC-
II–peptide complexes were built by the LEaP module and mini-
mized and equilibrated through the Sander module and
pmemd.cuda in Amber 16 (ref. 20) through the use of graphical
unit processors. The MHC-II/I–peptide complexes were subjected
to 100 ns-long MD simulations with the MMGBSA approach to
obtain their binding free energy values.
2.2. Experimental procedures

2.2.1. Preparation of the G4-PAMAM–peptide complexes.
The stock solutions of G4-PAMAM were prepared as Stock 1. G4-
PAMAM (SIGMA ALDRICH Cat. 412449) was dissolved in deion-
ized water (100 mM). For Stock 2, pVRC03 or pPGT122 (Synpep-
tide Co.) was dissolved in deionized water (100 mM). Both stocks
were stored at �15 �C until use. The preparation of the G4-
PAMAM–peptide complexes was performed by combining stocks
incubated at room temperature in the dark for 24 h.

2.2.2. MALDI-TOF(/TOF) analyses. The G4-PAMAM–

peptide complexes were prepared at a ratio of 1 : 1 mMusing 500
mL of deionized water and were incubated at �28 �C for 24 h.
Subsequently, the mixture was ultraltered using a 10 kDa
Millipore lter to separate the free peptides (MW < 2 kDa) from
G4-PAMAM (mw ¼ 14 214 kDa). The solution in the cartridge
was used for the sample analysis in 500 mL of deionized water
and stored at 4 �C. The mass spectra were obtained by Autoex
MALDI-TOF(/TOF). The sample was prepared with 1 mL of
20,40,60-trihydroxyacetophenone solution and 1 mL of G4-
PAMAM or G4-PAMAM–peptide complex. The following
parameters were used: reector voltage 20 kV, laser beam 2,
attenuation laser beam focus 40, laser repetition rate 500 Hz,
ion source voltage 2 18.15 kV, detector voltage 1802 kV, number
of shots 1000, positive voltage POS polarity Pulsed Ion Extrac-
tion PIE delay 300 ns, ion source voltage 1 19.5 kV, lens voltage 7
kV, linear detector voltage 2784 kV.

2.2.3. 1H NMR analyses. The G4-PAMAM and G4-PAMAM–

peptide complexes solutions were dried using lyophilization
20416 | RSC Adv., 2020, 10, 20414–20426
and then dissolved in 0.5 mL DMSO-d6. The sample concen-
tration was 75 mg G4-PAMAM or 0.5 mL DMSO-d6 per 0.5 mg of
pPGT122 or pVRC03. A Bruker Avance III spectrometer
(750 MHz) was used to obtain the 1H NMR spectra. All spectra
were recorded at 25 �C with temperature stabilization.

2.2.4. Atomic force microscopy (AFM) analyses. All AFM
measurements were performed using a 3D catalyst atomic force
microscope (AFM) from Bruker (Santa Barbara, California CA)
with the ScanAsyst-Air probes model (Camarillo, California,
USA) in ScanAsyst mode in air at a 1 Hz scan rate. Each sample
analyzed was deposited on three glass slides at a 1 : 100 dilution
in deionized water. The samples (G4-PAMAM, G4-PAMAM–

pPGT122 complex and G4-PAMAM–pVRC03 complex) were
distributed on glass slides surface and dried for 3 min at 37 �C
in an incubator; the dry sample deposited on the glass slide
surface was placed posteriorly in the AFM microscope to
perform the measurement. Each glass slide was scanned at
three random locations, and images of 3 � 3 mmwere obtained.
A total of 9 images per sample were obtained. To verify the
absence of adsorbed contaminants, the interface was rst
scanned in the presence of pure solvent.

2.2.5. LC-ESI-QTOF-MS analyses. The G4-PAMAM den-
drimer solution was diluted in 200 mL of 0.1% formic acid. G4-
PAMAM–peptide complexes were analyzed undiluted. Separa-
tion and analysis by LC-MS were performed on a 1290 Innity II
UHPLC liquid chromatography coupled to a QTOF 6545 hybrid
mass spectrometer (Agilent Technologies). The analysis was
carried out in reverse phase with an XDB-C8 4.6 � 150 mm
column and a 5 mm particle size (Agilent Technologies). The
following mobile phases were used: formic acid 0.1% (A) and
acetonitrile plus 0.1% formic acid (B). The ow rate was 0.3
mL min�1, and a linear gradient of 10% to 30% of B was used
from 0–10 min. This percentage (30%) was subsequently
maintained for 20 min to allow the elution of the entire sample
with a volume of injection of 20.0 mL and a column temperature
of 45.0 � 0.5 �C. The spectrometric conditions were as follows:
acquisition range of 100–3200m/z for ESI (+), gas temperature of
325 �C, gas ow of 10 L min�1, nebulizer pressure of 20 psi, gas
temperature of 300 �C, sheath gas ow of 10 L min�1, VCap of
4000 V, and a nozzle, fragmentor and skimmer voltage of 500,
150 and 65 V, respectively. The acquisition time used to
generate the G4-PAMAM chromatogram was 10 min, and the
time used for the G4-PAMAM dendrimer–peptide complexes
was up to 16.0 min. The data were acquired with MassHunter
LC/MS Data Acquisition soware version B.06.01 and processed
with MassHunter LC/MS Qualitative Analysis version B.07.00
(Agilent Technologies). For the analysis of the mass spectra, the
average spectrum of the acquired data was obtained from 3.5 to
3.8 min, which was an interval in which the signals were ob-
tained with clusters with dened isotopic distribution to
perform the load assignments.
2.3. In vitro biological assays

2.3.1. Animals. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of NOM-062-ZOO-1999, Ministry of Agriculture, Mexico
This journal is © The Royal Society of Chemistry 2020
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City, Mexico University and experiments were approved by the
Animal Ethics Committee of ESM.CICUAL-07/23-06-2017.
Female 8–12 weeks-old BALB/cJ mice that weighed 25–30 g were
used. Additionally, the estrous cycle was homogenized.

2.3.2. Intranasal immunization. Each group contained 5
female BALB/cJ mice that were lightly anesthetized before
being intranasally (i.n.) immunized at 1, 7 and 14 days. The
immunization dose (10 mL) used a solution of 100 mg/30 mL.
The groups were as follows: (i) pVRC03, (ii) G4-PAMAM–

pVRC03 complex, (iii) pPGT122, (iv) G4-PAMAM–pPGT122
complex, (v) G4-PAMAM, and (vi) control (without treatment).
All groups were sacriced by cervical dislocation 24 h aer the
last immunization. Serum, nasal washes, and vaginal washes
were obtained, and the anti-peptide antibody levels were
determined by an indirect enzyme-linked immunosorbent
assay (ELISA).

2.3.3. IgG and IgA levels. Ninety-six-well indirect ELISA
plates were coated with 1 mg per well of pPGT122 or pVRC03
solution in 100 mL of 0.1 M carbonate buffer (NaHCO3/Na2CO3,
pH 9.6). These plates were incubated overnight at 4 �C, washed
with PBS-Tween (in triplicate), blocked with 50 mL of 6% skim
milk-PBS-Tween solution and incubated for 2 h at 37 �C. The
plates were then washed with PBS-Tween (in triplicate). The
samples were added per well to the plate as follows: sera at
a 1 : 100 dilution (100 mL) and undiluted nasal washes and
vaginal washings (100 mL). The plates were incubated overnight
at 4 �C and washed with PBS-Tween (in triplicate) and then
secondary antibody was added to the plate per well as follows:
100 mL of peroxidized mouse anti-IgG (Thermo Scientic) or
anti-IgA (Zymed Laboratories, San Francisco, CA) was added at
a 1 : 6000 and 1 : 500 dilution, respectively, and incubated for
2 h at 37 �C, and then washed with PBS-Tween (in triplicate).
The developing solution was added to the plate per well as
follows: 100 mL of 0.5 mg mL�1 o-phenylenediamine in 50 mM
phosphate–citrate buffer, pH 5.2, in the presence of H2O2. Aer
15 min, the reactions were stopped with 50 mL of 2.5 M H2SO4,

and the absorbance at 492 nm (A492) was measured in a Mul-
tiscan Ascent (Thermo Labsystems) microplate reader. Samples
were analyzed in duplicate.
2.4. Statistics

The data were statistically analyzed by means of univariate
analysis of variance (ANOVA) and Tukey's post hoc test with
PRISM Soware (GraphPad). A signicance level of P < 0.05 was
considered to indicate whether there was a signicant difference
between two groups.
Fig. 1 Identification of peptide epitopes in silico using structural
dissociation in USCF CHIMERA v1.9. (A) gp120–PGT122 complex,
green: gp120, orange: gp41, purple: pPGT122 (PDB: 4NCO). (B)
gp120–VRC03 complex, green: gp120, blue: pVRC03 (PDB: 3CC8).
Yellow circles show the gp120 surface coupled to pPGT122 or
pVRC03.
3. Results
3.1. Computational methods

3.1.1. Peptide identication and physicochemical proper-
ties. By using UCSF CHIMERA, the exposed gp120 surfaces
recognized by bNAb PGT122 or bNAb VRC03 were used to
identify two linear peptide epitopes (pPGT122 and pVRC03)
located in the exible loops (Fig. 1A and B). pPGT122 and
This journal is © The Royal Society of Chemistry 2020
pVRC03 are water-soluble, acid type, amphipathic and are not
toxic according to in silico predictions (ESI Fig. 1S†).

3.1.2. Ligand diffusion of peptides on G4-PAMAM. The 3D
models of the peptide epitopes were determined with the
PepFold server, rened in 3D REFINE17 and then subjected to
MD simulations. Ramachandran plot analysis showed that
>90% of amino acid residues were in allowed positions18 using
RSC Adv., 2020, 10, 20414–20426 | 20417
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the RAMPAGE server (http://mordred.bioc.cam.ac.uk/
�rapper/rampage.php) (data not shown).

The G4-PAMAM–peptide complexes were obtained with the
Amber 16 package20 by employing ligand diffusion in MD simu-
lations36 to reach the most energetically favorable relative binding
free energy (DGmmgbsa) values, which were obtained by MMGBSA
calculations and indicated that the coupling of both peptides can
be performed in all conformational states on the surface of G4-
PAMAM. Eight pPGT122 or ten pVRC03 molecules were capable
of being coupled on G4-PAMAM in the 250 ns-long MD simula-
tions in aqueous environments (Fig. 2A and B). Based on the DG
values and the number of peptides coupled to G4-PAMAM,
pVRC03 exhibited a more favorable affinity for G4-PAMAM than
pPGT122 (Table 1). Furthermore, there were differences in the
DGmmgbsa value between the conformers of the same peptide
epitope, depending on the location where they were internally
coupled, which was close to the ethylenediamine nucleus or
between the branches in a tertiary amine, or in a primary amine
group (NH2) on the surface of the dendrimer. In addition, the
nonpolar interactions (DEnon-polar ¼ DEvwd + DGnpol,sol) were the
main energetic contributors to G4-PAMAM dendrimer–peptide
complex stabilization and formation (Table 1).

3.1.3. Docking and MD simulations of peptides on MHC-I
and MHC-II. The MHC-I/II–peptide complexes were obtained by
molecular docking and then subjected toMD simulations coupled
to MMGBSA calculations, which showed energetically favorable
relative binding free energy (DGmmgbsa) values. In addition, the
non-polar interactions (DEnon-polar ¼ DEvwd + DGnpol,sol) were the
main energetic contributors to MHC-I/II–peptide complex forma-
tion (Table 1), revealing small differences and affinities between
VRC03 and PGT122 on either MHC-I or MHC-II (ESI Fig. 2S†).

3.2. Experimental procedures

3.2.1. MALDI-TOF(/TOF) analysis. The MALDI-TOF (MS/
MS) spectrum of the G4-PAMAM–peptide complex revealed
Fig. 2 Multiple docking of peptides on G4-PAMAM by using amolecular d
and 250 ns. (A) G4-PAMAM (one conformer) and pPGT122 (eight mole
molecules).

20418 | RSC Adv., 2020, 10, 20414–20426
peaks in the range of 6000–14 000 m/z, which belonged to
a peptide bound to a G4-PAMAM molecule (Fig. 3). The
calculation was as follows: peak m/z ¼ 7416; this corresponds
to pPGT122. m.w. G4-PAMAM + m.w. dendrimer pPGT122 ¼
14 214 + 7416 ¼ 21 630; m.w. G4-PAMAM–peptide complex ¼
21 630, z ¼ 2; m/z ¼ 10 815–10 840. Consequently, the peak at
m/z ¼ 10 840 corresponds to pPGT122. G4-PAMAM + m.w.
dendrimer pVRC03 ¼ 14 214 + 1382 ¼ 15 596; m.w. G4-
PAMAM–peptide complex ¼ 15 596, z ¼ 2; m/z ¼ 7798–7397.
Consequently, the peak at m/z ¼ 7397 corresponded to
pVRC03.

3.2.2. 1H NMR analyses. The G4-PAMAM–pVRC03 or G4-
PAMAM–pPGT122 complexes showed a shi compared to free
G4-PAMAM according to the signals of the 1H NMR spectra,
which showed decreases in the peaks corresponding to the
amide group (y8 ppm), methylene groups (y2.36–2.81 ppm)
and –NH2 (y3.026-3.067 ppm). All signals showed a decrease in
the electronic density with a respective change in the chemical
shi at high frequency due to the presence of intermolecular
interactions around the protons (Fig. 4).

3.2.3. Atomic force microscopy (AFM) analyses. The
morphologies of the G4-PAMAM–pVRC03 and G4-PAMAM–

pPGT122 complexes shied because of dendrimer intra-
molecular interactions favoring the formation of the soluble
G4-PAMAM–peptide macromolecular complexes (Fig. 5).

3.2.4. LC-ESI-QTOF-MS analyses. The MS spectra of G4-
PAMAM (Fig. 6) indicated a molecular weight of G4-PAMAM
close to 14 212.854 g mol�1, according to eqn (1) and (2) with
the following parameters:mn¼ 1422.2934 andmn+1¼ 1293.0857;
therefore, the load is n ¼ 10. It should be noted that this mass
was corroborated by the Large Molecular Feature tool and the
deconvolution algorithm (data not shown); both tools were
included in the equipment soware. For the G4-PAMAM–

pPGT122 complex (Fig. 6), mn ¼ 1142, mn+1 ¼ 1080, and n ¼ 19;
thus, the corresponding pPGT122 molecules represent seven
iffusion approach with MD simulations representing snapshots at 0, 20
cules). (B) G4-PAMAM (one conformer) and pVRC03 in purple (eight

This journal is © The Royal Society of Chemistry 2020
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Table 1 Energetic contributions (kcal mol�1) determined by the MM/GBSA method for the G4-PAMAM–pPGT122 complex, G4-PAMAM–
pVRC03 complex, MHC-II/I molecule–pPGT122 complex, and the MHC-II/I molecule–pVRC03 complex

System DEvdw DEele DGele,sol DGnpol,sol DEpolar DEnon-polar DGmmgbsa

G4-PAMAM–peptide complex
PGT122 �26.28 (0.22) �1177.31 (�3.9) 1189.86 (3.71) �4.44 (�0.26) 12.55 �30.72 �18.17 (0.20)
Conformer 1
PGT122 �70.82 (0.33) �1248.23 (�3.33) 1261.64 (3.25) �10.73 (�0.4) 13.41 �81.55 �68.14 (0.41)
Conformer 2
PGT122 �38.32 (0.22) �1242.67 (�2.58) 1254.15 (2.51) �6.42 (�0.28) 11.48 �44.74 �33.26 (0.27)
Conformer 3
PGT122 �24.25 (0.30) �1120.23 (�3.2) 1130.63 (3.18) �3.99 (�0.4) 10.4 �28.24 �17.84 (0.24)
Conformer 4
PGT122 �68.34 (0.28) �1147.41 (�2.38) 1178.33 (2.27) �10.19 (�0.4) 30.92 �78.53 �47.61 (0.41)
Conformer 5
PGT122 �34.24 (0.17) �1269.89 (�3.68) 1273.37 (3.52) �6.01 (�0.3) 3.48 �40.25 �36.77 (0.33)
Conformer 6
PGT122 �36.85 (0.29) �1293.62 (�2.74) 1302.75 (2.72) �6.01 (�0.3) 9.13 �42.86 �33.73 (0.30)
Conformer 7
PGT122 �46.32 (0.22) �1102.09 (�2.5) 1129.74 (2.41) �6.98 (�0.3) 27.65 �53.3 �25.66 (0.29)
Conformer 8
VRC03 �6.63 (0.10) �929.01 (�2.19) 922.67 (2.13) �2.25 (�0.1) �6.34 �8.88 �15.22 (0.16)
Conformer 1
VRC03 �79.56 (0.28) �1238.39 (�2.23) 1270.78 (2.22) �11.64 (�0.4) 32.39 �91.2 �58.81 (0.39)
Conformer 2
VRC03 �59.63 (0.52) �1044.03 (�3) 1069.28 (3.10) �9.28 (�0.6) 25.25 �68.91 �43.66 (0.42)
Conformer 3
VRC03 �39.03 (0.33) �1087.17 (�4.27) 1112.10 (4.18) �6.15 (�0.6) 24.93 �45.18 �20.25 (0.45)
Conformer 4
VRC03 �55.98 (0.48) �1066.67 (�3) 1088.65 (3.00) �8.66 (�0.7) 21.98 �64.64 �42.66 (0.45)
Conformer 5
VRC03 �52.53 (0.20) �1404.99 (�2.36) 1423.97 (2.26) �8.53 (�0.2) 18.98 �61.06 �42.08 (0.28)
Conformer 6
VRC03 �15.93 (0.40) �1071.42 (�4.06) 1077.69 (3.94) �3.04 (�0.5) 6.27 �18.97 �12.70 (0.30)
Conformer 7
VRC03 �36.24 (0.31) �963.24 (�2.7) 978.36 (2.66) �5.38 (�0.3) 15.12 �41.62 �26.50 (0.37)
Conformer 8

MHC-II HLA-DRA4 (PDB: 1D5M)–peptide complex
PGT122 �56.26 (�0.59) 60.73 (�1.81) �37.99 (1.61) �8.73 (�0.6) 22.74 �64.99 �42.25 (0.63)
VRC03 �56.53 (�0.41) 80.51 (�2.68) �39.50 (2.11) �9.48 (�0.5) 41.01 �66.01 �25.00 (0.65)

MHC-I HLA-B5703 (PDB: 2VBQ)–peptide complex
PGT122 �57.91 (�0.39) �133.42 (�4.3) 157.90 (4.14) �8.82 (0.6) 24.48 �66.73 �42.25 (0.48)
VRC03 �54.87 (�0.36) �25.5 (�1.73) 60.23 (1.50) �8.13 (0.4) 34.73 �63 �28.27 (0.43)
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molecules per single G4-PAMAM molecule. Regarding the G4-
PAMAM–pVRC03 complex, mn ¼ 1137, mn+1 ¼ 1089 and n ¼ 23,
which thus correspond to nine pVRC03 molecules per G4-
PAMAM.

mnþ1 � 1:008

mn �mnþ1

(1)

m ¼ (mnn) � (1.008n) (2)

LC-ESI-QTOF-MS allowed the characterization of several
G4-PAMAM populations according to their protonation
patterns, as has been reported for other PAMAM dendrimer
generations.53,54
This journal is © The Royal Society of Chemistry 2020
3.2.5. Biological assays
3.2.5.1. IgG and IgA responses. In all the uids tested,

a statistically signicant increase was observed in IgG anti-
bodies in the groups administered the peptide alone or G4-
PAMAM–peptide complexes, in comparison with that in the
control or G4-PAMAM groups (Fig. 7). In addition, the IgG
responses were not signicantly different for the G4-PAMAM–

pPGT122 complex and G4-PAMAM–pVRC03 complex, except for
the response to pVRC03 in nasal washes (Fig. 7), in which G4-
PAMAM also exhibited adjuvant effects.

Regarding IgA in all of the uids tested, there was a statisti-
cally signicant increase in antibodies in the groups adminis-
tered the peptide alone as compared with that in the controls,
except for the nasal washes. In contrast, for the G4-PAMAM–

peptide complexes, there were statistically signicant
RSC Adv., 2020, 10, 20414–20426 | 20419
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Fig. 3 MALDI-TOF/MS spectra of (A) G4-PAMAM, (B) the G4-PAMAM–pPGT122 complex, and (C) the G4-PAMAM–pVRC03 complex.
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differences in comparison with the control or G4-PAMAM
groups (Fig. 7). In some cases, G4-PAMAM could be an adju-
vant, except for vaginal IgA responses, in which G4-PAMAM-
pVRC03 decreased the response. In this work, G4-PAMAM–
20420 | RSC Adv., 2020, 10, 20414–20426
peptide complexes were administered via the intranasal route to
induce humoral immune responses in the genital tract and
systemically, as has been reported previously.13,14
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Atomic force microscopy (AFM) images of (A) G4-PAMAM, (B) the G4-PAMAM–pPGT122 complex, and (C) the G4-PAMAM–pVRC03
complex.
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4. Discussion

In this work, we sought to identify immunogenic epitopes in
gp120 using in silico studies (Fig. 1). However, it is known that
peptides are not enough to induce immunogenic responses and
that they are subject to proteasome degradation. Furthermore,
we suggest using a nanoparticle (G4-PAMAM) that can protect
peptides and that can be intranasally administered. G4-PAMAM
can be useful as both an intranasal peptide transporter and
a mucous membrane adjuvant due to its molecular interactions
and the consequent formation of water-soluble stable
complexes, which confer mucoadhesive properties that
enhance bioadhesion to the glycoprotein layer of the mucous
membrane.39 The G4-PAMAM dendrimer can improve the polar
physicochemical properties of peptides,40 mucous membrane
protection against proteases by internalization of peptides into
G4-PAMAM dendrimer13 and passive diffusion of complexes
mediated by other functional groups on spikes of G4-PAMAM.40

Additionally, it has been reported that the G4-PAMAM can
improve antigen cell uptake40,41 in nasal-associated lymphoid
tissue by enhancing the pH-dependent stability of the complex42

and it has been suggested that the release of the peptides could
be carried out in an acidic endosome microenvironment.40,43

Once the G4-PAMAM releases peptides, these peptides can bind
to MHC-I/II, generating a cell-MHC-I/II–peptide complex that
elicits cellular/humoral immune responses. Thus, G4-PAMAM
dendrimer–peptide complexes administered intranasally are
useful for eliciting cellular and humoral responses against
Chlamydia trachomatous in genital infection.13,14 This immune
response in mammals44,45 is due to i.n. administration, which
yields antibody precursor cells that travel to other lymphoid
tissues such as the genital tract to elicit immune responses44

that can be favored by the use of nanoparticles as adjuvants.46,47

In this work, we identied pPGT122 and pVRC03 from gp120
through the structural dissociation of the gp120 monomeric
structure from the VRC03 bNAb and the PGT122 bNAb,48–51 as
previously reported for other peptides.14 Quaternary analyses
revealed that neither pPGT122 nor pVRC03 was hidden in the
gp120–gp120 or gp41–gp120 interface, which allowed them to
be recognized by specic antibodies.
This journal is © The Royal Society of Chemistry 2020
According to our results, both peptide epitopes are anionic,
could be non-toxic, and can be used to produce water-soluble
complexes with G4-PAMAM. Moreover, the amphipathic
composition of both peptide epitopes is useful for making
hydrophobic contacts with internal G4-PAMAM sites (Fig. 2A
and B). We explored the capability to make G4-PAMAM–

pPGT122 or G4-PAMAM–pVRC03 complexes by ligand diffusion
strategies by using MD simulations (Fig. 2A and B). We explored
the conformational space during 250 ns MD simulations of free
peptide epitopes diffused into G4-PAMAM until the structural
stabilization of the G4-PAMAM–peptide complexes was ob-
tained. The energetic contributions that allow the binding of
peptides to G4-PAMAM were then determined by the MMGBSA
method. pVRC03 and pPGT122 are capable of forming non-
covalent associations with G4-PAMAM by complementary elec-
trostatic interactions; however, determining the total energetic
contribution is necessary to explain the formation and stability
of G4-PAMAM–peptide complexes by considering all types of
non-covalent interactions between G4-PAMAM and peptide
epitope molecules and the solvation process.14,26 In this work,
the energetic contributions were determined by the MMGBSA
method for G4-PAMAM–peptide complexes, thus, the nonpolar
energetic contribution mainly explains the capability to form
G4-PAMAM–peptide complexes.26 The differences in the affinity
of pVRC03 and pPGT122 for G4-PAMAM can be explained by
their different binding poses, which are dependent on their
peptide sequences. Peptide diffusion on G4-PAMAM during the
MD simulations showed that the peptides could be partially
encapsulated, allowing interaction with G4-PAMAM methylene
groups; specic regions formed intramolecular hydrophobic
interactions, whereas proton acceptor groups in amides formed
intramolecular hydrogen bonds. van der Waals interactions
were formed at close distances with intramolecular groups, and
ionic interactions with acidic peptide epitope functional groups
were formed between G4-PAMAM protonated amides (internally
at branch bifurcations or in outer primary amides). G4-PAMAM
can be useful as a reversible transporter because it forms
internal cavities that are functional groups capable of under-
going amine protonation at different pH values.14,26 This allows
the formation of G4-PAMAM–peptide complexes at an acidic
RSC Adv., 2020, 10, 20414–20426 | 20421
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Fig. 5 (A) 1H NMR spectrum of G4-PAMAM in DMSO-d6. (B)
1H NMR spectrum of the G4-PAMAM–pPGT122 complex in DMSO-d6. (C)

1H NMR
spectrum of the G4-PAMAM–pVRC30 complex in DMSO-d6. Each spectrum shows a chemical shift amplification at 3.14–2.98 ppm.
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pH, which favors the “open conformation”, whereas a neutral
pH favors the closed conformation, allowing the peptide to then
be released under acidic conditions by the antigen-presenting
20422 | RSC Adv., 2020, 10, 20414–20426
cell peptide epitope processing pathway. It is important to
note that both peptides have hydrophobic properties that
suggest they can be accommodated in MHC-I/II cavities (ESI
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 LC-ESI-QTOF-MS spectra of (A) G4-PAMAM, (B) the G4-PAMAM–pPGT122 complex and (C) the G4-PAMAM–pVRC03 complex.
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Fig. 2S†).52 It was useful to select peptide epitopes based on
their potential to be transported by G4-PAMAM to conrm the
peptide immunogenic properties. The formation of MHC-I/II–
This journal is © The Royal Society of Chemistry 2020
peptide complexes and the peptide interactions with MHC-I/II
hydrophobic cavities was corroborated by protein molecular
docking studies and validated by MD simulations (ESI Fig. 2S†)
RSC Adv., 2020, 10, 20414–20426 | 20423
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Fig. 7 Responses of anti-peptide antibodies in serum and nasal and vaginal washes. Optical density (O.D.) of IgG (A and B) and IgA (C and D).
Groups of 5 mice were immunized in four cases by the intranasal route at 7 day intervals; after the last immunization at 24 h, they were sacrificed.
Serum, nasal lavage and vaginal lavage samples were obtained to measure the levels of IgG and IgA antibodies in mice administered pVRC03,
pPGT122, the G4-PAMAM–pVRC03 complex, the G4-PAMAM–pPGT122 complex or G4-PAMAM or in control animals without treatment.
Antibody levels were determined by ELISA. The data obtained were statistically analyzed by means of a univariate Analysis of Variance (ANOVA)
followed by a Bonferroni post hoc test. A significance level of P < 0.05, P < 0.01 or P < 0.001 established that there was a significant difference
between two groups. * (P < 0.05); ** (P < 0.01) and *** (P < 0.001) compared to the control or G4-PAMAM. + (P < 0.05), ++ (P < 0.01), +++ (P <
0.001) or (ns) indicate that there was not a statistically significant difference as compared to groups administered G4-PAMAM–peptide
complexes.
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coupled with MMGBSA (Table 1). Thus, the non-polar energetic
contributionmainly explains the capability to form stable MHC-
I/II–peptide complexes. However, these in silico predictions
must be demonstrated experimentally. Furthermore, both
peptides were used to form G4-PAMAM–peptide complexes in
aqueous solutions. The G4-PAMAM–peptide complexes were
chemically characterized by MALDI-TOF and LC-ESI-QTOF-MS,
with MALDI-TOF being the most precise (Fig. 3)53,54 due to the
fact that during LC-ESI-QTOF-MS, the peptide was separated
during the LC stages. However, LC-ESI-QTOF-MS allowed the
characterization of several G4-PAMAM populations according to
their protonation patterns, as has been reported for other
PAMAM generations.53,54

By using 1H NMR, it was possible to depict the non-bonding
interactions of the peptide with different protons of G4-PAMAM
(Fig. 5). All signals showed a decrease in electron density with
a respective change in the chemical shi at high frequency due
to the presence of intermolecular interactions around the
protons.55 According to the 1H NMR spectra of G4-PAMAM-
pVRC03 or G4-PAMAM-pPGT122, there was a decrease in the
amide group (y8 ppm), methylene groups (y2.36–2.81 ppm)
and –NH2 (y3.026-3.067 ppm). These signal shis allowed us to
deduce the locations of pVRC03 or pPGT122molecules that may
have been entrapped on the outer surfaces of functional groups
of G4-PAMAM. As such, some exposed regions of the pVRC03 or
20424 | RSC Adv., 2020, 10, 20414–20426
pPGT122 molecules, which depend on their conformation, may
have interacted with methylene groups and amides in the G4-
PAMAM branches near NH2 groups located on most external
surfaces of G4-PAMAM, and pVRC03 or pPGT122 molecules
may have been entrapped between one or more branches.

The particle morphological shapes determined by AFM
showed different patterns according to the presence or absence
of peptides (Fig. 4), as was reported by using a peptide
carrier.43,56 Themorphological shis observed by AFM in the G4-
PAMAM molecules were dependent on the G4-PAMAM physi-
cochemical properties according to the microenvironment and
ligand interactions. All of these interactions can induce
conformational rearrangement, which modies the molecular
surface exposure of G4-PAMAM molecules.43,56 Because of this,
the interaction of ligands on G4-PAMAM implies that some
intermolecular interactions in G4-PAMAM change to favor
intermolecular interactions with the ligands, which in turn
induces conformational rearrangements in G4-PAMAM mole-
cules and decreases the G4-PAMAM exposed surface that
interacts with ligand molecules. Overall, this implies that
according to the physicochemical properties of the exposed
molecular surface, the complex differs in the supramolecular
rearrangement of G4-PAMAM, and the corresponding inter-
molecular interactions between complexes can explain the
This journal is © The Royal Society of Chemistry 2020
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supramolecular rearrangements between molecular G4-
PAMAM–peptide complexes that result in several complexes.43,56

In this work, G4-PAMAM–peptide complexes were adminis-
tered via the intranasal route to induce humoral immune
responses in the genital tract and systemically, as has been re-
ported previously;13,14 G4-PAMAM has been used as a vaccine
adjuvant46,57,58 and as a peptide epitope carrier.47,59 The immune
response in the genital mucous membrane has been attributed
to Ab-secreting plasma cell precursors elicited by intranasal
immunization44 and induction of a proinammatory cytokine
prole.60 However, antibody transudation processes in the
mucous membrane,45,61 lymphoid tissue immune responses
induced by nasal immunization62 and antigens can elicit vari-
able immune responses in distant mucous membrane such as
that in the genital tract.45 G4-PAMAM–peptide complexes
induce humoral immune responses systemically and in the
genital tract, as previously reported using nasal immuniza-
tion.13,14 The estral cycle is considered to be involved in immune
response variability according to the female sex;63 thus, immune
responses can be modulated independently of antigen-elicited
immune responses, resulting in variable immune responses.64

The co-administration of G4-PAMAM–peptide complexes and
nasal adjuvants could modulate antiviral immune responses
along with female sex hormones,63 and the immune innate
responses elicited by G4-PAMAM nasal immunization could be
tunable. Therefore, common mucous innate62 and adaptive
immune system mechanisms could be modulated to improve
the production of Ab-secreting plasma cell precursors.65

5. Conclusions

In this work, we identied two peptide epitopes derived from
the in silico dissociation of bNAb PGT122 and VRC03. Both
epitopes were able to recognize molecules of MHC-I/II and G4-
PAMAM according to in silico and experimental studies. Addi-
tionally, both G4-PAMAM–peptide complexes produced
a humoral response in serum and mucous membranes greater
than or equal to that produced by the individual peptide
epitope, demonstrating their potential for application in the
rational development of future antibodies with recognition
proles similar to bNAb PGT122 and VRC03.
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35 A. Mart́ınez-Muñoz, M. Bello, A. Romero-Castro,
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