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Background: Immunostimulating complexes (ISCOM)-type nanocapsules have been
functionalized with lipid vinyl sulfones that anchor to them via the hydrophobic zone of their
structure and can be charged with pharmacologically active molecules or macromolecules.
These functionalized nanocapsules can incorporate protein A and bind to G immunoglobulins
(IgGs) to make vehicles directed at the surface antigens of infectious agents, tumor cells, or
receptor cells and deliver the encapsulated molecules in a highly specific way. They may be of
particular use in pharmacological treatments with highly toxic molecules that should not be used
in solution whenever it can be avoided. When bound to antibodies they can be used in biological
processes that require the delivery or presentation of macromolecules to certain specific cells,
in immunization processes for instance, or in diagnostic immunological techniques, as they are
able to transport both the secondary antibodies and the reaction labels.

Methods and results: We describe the preparation of ISCOMs, the binding to the ISCOMS
of newly synthesized compounds composed of chain alkyl vinyl sulfone, and the subsequent
binding of the vinyl-sulfone compounds to IgGs. Within this context, a compound deriving
from cholesterol functionalized with vinyl sulfone and used together with cholesterol in vary-
ing proportions has been linked to the structure of the ISCOMs and bound to protein A-IgG.
This functionalization in no way altered the form or structure of the ISCOMs and allowed the
nanocapsules carrying the specific IgGs to bind to forms of Trrypanosoma cruzi against which
antibodies had been developed. The fact that functionalized ISCOMs containing antibodies
could deliver actinomycin D directly to the parasite meant that the effective dose of the antibiotic
could be reduced very significantly.

Conclusion: We have developed ISCOM-type nanocapsules functionalized with lipid vinyl
sulfone capable of anchoring to the surface of functional IgGs, which favors the recognition
and transport of these nanocapsules precisely to certain kinds of cell.

Keywords: nanoparticle, protein A, actinomycin D, IgG, Trypanosoma cruzi, vinyl sulfone

Introduction

The development of nanotechnology applied to biomedicine has undergone
extraordinary advances since Gregoriadis,'? Gregoriadis and Neerunjun,® and
Segal et al* developed liposomes, which are nanocapsules composed of an external
lipid bilayer made up of phospholipids and cholesterol. Since then liposomes have
been used as delivery systems both for drugs and for targeted immunization purposes.’
Hydrophobic molecules are inserted into their lipid bilayer whilst hydrophilic ones
are confined to the inner aqueous part of the nanocapsule. In this way liposomes are
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capable of encapsulating and conveying macromolecules or
drugs, thus allowing greater bioavailability and diminishing
their possible toxicity and side-effects. The specificity of
the delivery can also be increased by modifying the surface
of the nanocapsule in question with antibodies or ligands in
order to allow it to bind to target molecules in body tissues
or cells.’

In 1975, Gregoriadis,'? Gregoriadis and Neerunjun,* and
Segal et al* pointed the way to some of the possible applica-
tions for liposomes when they published the results of their
studies of liposomes’ transport capacity to tumors and even
their potential use in the treatment of metabolic disorders.
Since then, many types of nanocapsules have been designed,
some made of lipids and some composed of various poly-
mers or even metals, but all developed for use as carriers to
transport drugs or immunization agents more efficiently to
the immune system.

The problem with using liposomes resides in their innate
instability due to their physico-chemical properties and
lack of immunogenicity. To avoid these drawbacks, cho-
lesterol can be included in their make-up to afford greater
stability to the bilayer, together with adjuvants to increase
their immunogenicity.® Among these latter, one of the most
commonly used is the Quillaja saponin, which, depending
on its concentration,” forms pentagonal dodecahedral balls
of uniform size (40 nm), much like soccer balls,'®!! known
as immunostimulating complexes (ISCOMs).!? These
nanostructures were first seen to appear when treating viral
particles with saponin and also when they were created with
artificial membranes of phosphatidylcholine-cholesterol and
the Quillaja saponin Quil A. They were originally designed as
immunostimulating systems for vaccination purposes,'! and
are known either as ISCOMs or ISCOM matrices (ISCOMs
with no incorporated antigen); these latter are similar in size
and shape to the former and have a strong negative charge.’
Several reviews of ISCOMs have been published recently,’”
reporting on their uses as adjuvants for vaccines, carrying the
antigens for systemic, oral and intranasal administration,'>!*
and as delivery systems for DNA vaccines." They have also
been used as carriers of antigens in immunoenzyme assays,
in which the antigen is encapsulated in such a way as to be
recognized by the immunoglobulins present in the blood or
other biological fluids such as milk 3%11.16-18

The basis of the unique structure of ISCOMs and
ISCOM-matrices is the interaction between the saponin and
cholesterol molecules, which, when combined, form stable
rings in aqueous solutions after the removal of detergents.
The immunogenic activity of the saponin depends on the

aldehyde groups, which are capable of forming Schiff bases
with the amino groups of the proteins.' The rings are held
together by hydrophobic interactions, steric factors, and pos-
sibly hydrogen bonds.?® Phospholipid (typically egg-derived
phosphatidylcholine!® or phosphatidylethanolamine)?! is
needed when protein is to be incorporated into an ISCOM
structure. It has been suggested that this promotes a less
rigid structure than saponin and cholesterol alone and thus
allows bulky amphipathic molecules such as viral membrane
proteins to be inserted into the ISCOM structure.'

A major limitation of ISCOM technology is that most
soluble proteins do not usually contain exposed hydropho-
bic regions and are therefore difficult to incorporate into
the ISCOM structure. Although it is possible to insert non-
amphipathic molecules into ISCOMs, or at least associate
them, structural modifications such as the partial denatur-
ation of proteins are required to expose normally internal
hydrophobic regions within proteins,?>?* but these methods
may lead to a loss of conformationally dependent B-cell
epitopes.’>?* An alternative strategy is to attach fatty acids
covalently to soluble proteins. The bioconjugation of such
molecules is normally achieved chemically through the use
of acid chlorides or activated ester derivatives of these fatty
acids. By using this chemical strategy, a number of soluble
proteins, including ovalbumin (OVA), cytochrome C, Tamm
Horsfall glycoprotein, and HIV-1 gp120, have been success-
fully incorporated into ISCOMs after attaching palmitic
acid via the e-amine groups of lysine.** Mowat et al*® found
that palmitified OVA could be incorporated into ISCOMs
and that this formulation was capable of inducing delayed-
type hypersensitivity (DTH) responses in mice when it was
injected into the footpad. Palmitified*® OVA or palmitified
OVA mixed with Quil A or an ISCOM matrix, on the other
hand, induced no such DTH effect. It should be noted, how-
ever, that this fatty acylation strategy offers considerable
drawbacks as the acid chlorides and activated ester derivatives
of such molecules are normally not very soluble in water
and are also sensitive to this solvent, to the extent that they
easily undergo hydrolysis in this reaction medium.

In the arsenal of bioconjugation methods available,
although less commonly used, vinyl-sulfone chemistry con-
stitutes a straightforward, efficient strategy for the covalent
coupling of different tags to biomolecules.?** This ligation
tool takes advantage of the excellent reactivity of vinyl
sulfones via Michael-type addition with the amine- or thiol-
bearing residues naturally occurring on the side chains of
proteins under mild conditions that preserve the functional-
ity and biological integrity of the biomolecule. In this way
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the appealing features of this reaction can be useful for the
covalent grafting of protein A to ISCOMs without disrupting
their ability to bind immunoglobulins.

We describe here a process developed in our laboratory by
which we are able to incorporate soluble proteins into ISCOMs
through the covalent attachment of a hydrophobic chain via
vinyl sulfone, which will allow this type of functionalized
nanocapsule to be used both in immunological techniques and
in therapy against pathogens or tumors by carrying antigenic
molecules specifically to cells presenting antigens, or iRNA
to cells in which we want to silence a gene.

Materials and methods

Phycocyanin was obtained from spirulina as described in the
literature.*® Actinomicyn D, cholesterol (C), phosphatidyl-
choline (PC), decanoyl-N-methyl-glucamide (MEGA-10),
protein A, acetic acid, methanol, acetonitrile, phenylene-
diamine dihydrochloride, goat anti-mouse Fab conjugated
with horseradish peroxidase (HRP), polyoxyethylensorbitan
monolaurate (Tween 20), formaldehyde, glutaraldehyde,
Bradford reagent, Freund’s complete adjuvant, Freund’s
incomplete adjuvant, EDTA, sucrose, KCl, dithiothreitol
(DTT), and Triton X-100 were all bought from Sigma-Aldrich
(St Louis, MO). The Quillaja saponin was a gift from Prof A
Martinez (Faculty of Pharmacy, Univ Complutense, Madrid).
The protease inhibitors antipain-hydrochloride, bestatin,
cimostatin, E-64, leupeptin, pepstatin, phosphoramidon,
pefabloc SC, and aprotinin were bought from Roche Diag-
nostics (GmbH, Manheim, Germany). The protein A sep-
harose column was from GE (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden), the Prolong Antifade kit was from
Molecular Probes (Life Technologies, Carlsbad, CA), and the
cytotoxicity assay kit was from Promega (Madison, WI).

Synthesis of lipid vinyl sulfone

Compounds 4, 7, and 9 were prepared according to the
procedure described by Morales-Sanfrutos et al.’! The 'H
nuclear magnetic resonance (NMR) and C NMR were
analyzed in a 300 MHz Varian Inova Unity with a broadband
(13C and 1H) probe.

Preparation of the nanocapsules
The method used to prepare the nanocapsules was adapted
from the technique of Ronnberg et al.*

ISCOM matrix
Thirty milligrams of cholesterol and 30 mg of phosphati-
dyl choline were mixed by magnetic stirring in 2 mL of

Milli-Q quality water and 400 mg of MEGA-10; 2.0 mL of
phosphate-buffered saline (PBS) (pH 7.4) was mixed sequen-
tially with 0.8 mL PC/C stock solution and 0.6 mL of Quil A
(100 mg/mL) at room temperature (rt) for 1 hour. The final
volume was adjusted to 12 mL by the addition of PBS. The
resulting mixtures were dialyzed against water for 48 hours
at 4°C with frequent changes. The ISCOMs were purified by
centrifugation through a sucrose gradient (10%—50% sucrose
in PBS) at 50,000 g (Beckman Ultracentrifuge, JA 30.50 Ti.
Rotor; Beckman Coulter, Brea, CA) at 4°C for 18 hours as
according to Papadopoulou et al** and Myschik et al.* The
pellets containing the ISCOMs were resuspended in 200 pL.
PBS and then lyophilized and stored until use.

ISCOM containing phycocyanin: ISCOM-phy

To incorporate the phycocyanin into the nanocapsules,
a 7.5 ug/mL phycocyanin solution was mixed at a proportion
of 1:1 v/v into the final ISCOM solution. The resulting mixture
was dialyzed against water for 48 hours at 4°C with frequent
changes and the ISCOMs were purified by centrifugation as
described below. The phycocyanin content of the ISCOMs was
checked by taking a 10 uL aliquot of the pellet after the final
centrifugation in a discontinuous sucrose gradient at 50,000 g
(as described above), resuspending it in 500 uL of water, and
measuring spectrophotometrically at 540 nm. The quantities of
phycocyanin encapsulated within the ISCOMs were determined
by comparison with model curves of known concentrations.

ISCOM with actimomycin D

When the antibiotic actinomycin D was incorporated into
the nanocapsules it was added to the ISCOM mix along with
the Quil A 5 mg/mL as stock solution. The ISCOMs were
dialyzed and purified as described above.

After the purification process, to check whether the anti-
biotic had been properly included in the ISCOMs, a 10 uL
aliquot was taken, dissolved in methanol, and sonicated
for 5 minutes before being dissolved in 10 uL of a solution
composed of 5 mM of ammonium acetate in water titrated
to pH 3.5 with acetic acid:methanol:acetonitrile (50:25:25
v/v/v) and injected into a Waters Quattro micro GC mass
spectrometer (Waters Corp, Milford, MA) equipped with a
triple-quad analyzer. Quantification was done spectrophoto-
metrically at 270 nm.

Nanocapsules containing cholesterol—vinyl

sulfone: ISCOM-9

To prepare nanocapsules with compound 9 (Figure 1), we
followed the same methods as those just described, but using
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Figure | Synthesis of vinyl-sulfone reagents for the functionalization of nanocapsules. (i) HS(CH,),OH, K,CO,, DMSO-THF (I:1), rt, 16 hours. (i) H,0,, AcOH, rt, 16 hours.
(iii) methanesulfonyl chloride, EtsN, CHZCI2 anh, rt, 24 hours. (iv) (a) CI250, rt, | hour; (b) cystamine, EtzN, CHQC‘2 anh, rt, 15 minutes. (v) (a) Zn, AcOH, 50°C, 40 minutes;

(b) DVS, Et,N, THF-iPrOH (2:1), rt, 90 minutes. (vi) DVS, tBuOK, THF, rt, | hour.

Abbreviations: AcOH, acetic acid; DMSO, dimethyl sulfoxide; DVS, divinyl sulfone; rt, room temperature; THF, tetrahydrofuran.

amixture of compound 9 and cholesterol at proportions of 1:1
or 2:3 instead of cholesterol alone. The rest of the procedure,
both for the preparation of the nanocapsules (ISCOM matrix
modified, nanocapsule with phycocyanin, and nanocapsule
with actinomycin D) and the purification and measurement
of the phycocyanin and actinomycin D contained in them
was the same.

The correct formation of the nanocapsules and their size
were checked under a C. Zeiss EM 902 transmission elec-
tron microscope (Carl Zeiss AG, Oberkochen, Germany) by
depositing the suspension on carbon-covered meshes stained
with 1% phosphotungstic acid.

Production of anti-Trypanosoma cruzi

antibodies and IgG purification

We used the hybrids DTU and DTUII of the Maracay strain of
Trypanosoma cruzi, deriving from an isolate from a clinical
case in Maracay (Venezuela) and maintained by cryopreser-
vation before culturing at 28°C in a MTL medium.** After
4 days, when the epimastigote forms had reached the end
of the exponential growth phase (2 x 10% parasites/mL),
the cultures were centrifuged at 4000 g for 20 minutes and
the pellet was washed in 0.15 M PBS (pH 7.4) to eliminate
any remains of the culture medium. The parasites were then
suspended in lysis buffer (20 mM phosphate buffer [pH 7.4],
1 mM EDTA, 0.25 mM sucrose, 0.145 mM KCI, 1 mM DTT,
and 1% v/v Triton X-100) together with 0.003% antipain-
hydrochloride, 0.005% bestatin, 0.001% cimostatin, 0.003%
E-64, 0.005% leupeptin, 0.005% pepstatin, 0.003% phosphor-
amidon, 0.2% pefabloc SC, 0.005% aprotinin, and 0.1% EDTA
(all w/v) as protease inhibitors. The suspension containing the

parasites was frozen at —80°C and thawed three times to 4°C,
followed by sonication for 1 minute at six cycles of 10 seconds
at200-300 W at 0°C in a lysis buffer containing protease inhibi-
tors to break up the cells. The sonicated fraction was centrifuged
at 22,000 g for 30 minutes and the supernatant was collected.
The quantity of proteins in the extract of the epimastigote forms
was calculated using Bradford’s method.

The antiserum against the epimastigote forms was
prepared according to the methods described in a previous
paper.’” BALB/c mice were injected intraperitoneally with
50 ug of the protein extract mixed with Freund’s complete
adjuvant, followed by booster injections administered
2 weeks and 4 weeks later with 50 ug of protein and Freund’s
incomplete adjuvant. The mice were bled 2 weeks after the
final booster. The sera were checked by indirect enzyme-
linked immunosorbent assay (ELISA) in multi-well plates
coated with 10 pg/well of the epimastigote extract in 0.1 M
bicarbonate coating buffer (pH 8.6). Sera with titers higher
than 1:1800 were pooled and stored at —80°C until use. The
IgG was purified by affinity chromatography in a protein A
sepharose column (GE) and stored at —80°C until use.

As an IgG control we used purified immunoglobulins
from non-immunized animals, the immunofluorescence
of which at a serum dilution of 1:100 revealed no reaction
against the epimastigote forms of the parasite.

Functionalization of the nanocapsules
Incorporation of hydrophobic chains

(compounds 4 and 7) into protein A

Compounds 4 and 7 were solubilized in methanol and
mixed with 0.125 mM carbonate buffer (pH 8.3) to a final
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concentration of 2 mg/mL each. The solutions of each com-
pound were mixed with a 2 mg/mL solution of protein A in
carbonate buffer [0.125 mM carbonate (pH 8.3)] at a propor-
tion of 1:1 and kept at 4°C with orbital shaking for 12 hours,
after which the free reactive groups of the compounds were
blocked with a solution of 4 mL of 1 M glycine in carbonate
buffer at rt for 4 hours. The conjugates were concentrated
using a centrifugal filter device to obtain a total protein
concentration of 2 mg/mL.

ISCOMs modified with protein A: ISCOMs-4-A,
ISCOMs-7-A

The suspensions containing the different types of nanocapsules
(ISCOM matrix, ISCOM-phy, and ISCOM-actinomycin D)
were incubated with the two conjugates (compounds 4-A
and 7-A) in a carbonate buffer with orbital shaking at 4°C
for 1 hour. Any excess of compound-protein A (4-A and 7-A)
was eliminated by purifying the nanocapsules by centrifuga-
tion as described above.

Conjugation of protein A with compound 9
(ISCOM-9-A)

Protein A was coupled to compound 9 by direct incuba-
tion with ISCOM-9 (ISCOM-matrix-9, ISCOM-9-phy, and
ISCOM-9-actinomycin D) in carbonate buffer with orbital
shaking at 4°C for 1 hour and then incubated with glycine and
purified by centrifugation at 50,000 g for 18 hours in a 10,
25, and 50% sucrose gradient, the ISCOM sediments being
collected in the pellet and lyophilyzed for later use.

ISCOMs modified with protein A-lgGs: ISCOM-4-A-
IgGs, ISCOM-7-A-IgGs and ISCOM-9-A-1gGs

A fraction of each of the nanocapsules modified with
protein A was bound with different IgGs (mouse anti 7. cruzi
IgG [IgGsp], mouse IgG negative control, and human IgG
[IgG nsp]). The nanocapsules modified with protein A were
incubated with the IgGs at a concentration of 40 mg/mL
(10 times the binding capacity of protein A used to link the Fc¢
regions of the IgGs employed) in a carbonate buffer at rt for
30 minutes. The functionalized nanocapsules were purified
once more by centrifugation, as described above, to eliminate
any excess of unbound IgGs. Once functionalized, they were
analyzed again by TEM as described above.

The various preparations of nanocapsules made with the
different compounds, with or without the specific antibodies,
were all lyophilyzed until later use. The effectiveness of the
binding of the immunoglobulins to the different ISCOMs
was determined by immunoenzymatic assay. Samples of the

ISCOMs were also coated onto an ELISA plate and mono-
clonal antibodies against mouse IgG were used to detect
their relative IgG content. Polystyrene Maxisorp 96-well
microtiter plates (Nunc®, Roskilde, Denmark) were sensi-
tized for 1 hour at rt with 100 uL per well of a suspension
of 1 mg/mL of the nanocapsules containing the immuno-
globulins in 0.1 M PBS (pH 7.2). Once sensitized, the plate
was washed three times with 0.2% PBS—Tween (PBS-T)
and then incubated with 100 uL of a 1:200 dilution of goat
anti-mouse Fab conjugated with HRP in PBS for 45 minutes
at 37°C. After incubation with the secondary antibodies the
plates were washed four times and an aqueous solution of
0.4 mg/mL phenylenediamine dihydrochloride in 0.05 M
phosphate—citrate buffer (pH 5.0) was added as a substrate
solution for the peroxidase before further incubation at rt
for 15 minutes. The reaction was stopped with 5 uL of a
0.1 M solution of H,SO, and the absorbance was measured
at 490 nm in an ELISA Multiskan spectrum reader (Thermo
Fisher Scientific, Waltham, MA)." To check that the optical-
density values corresponded to the mouse IgGs and not to the
binding of the anti-mouse antibody to protein A incorporated
into the ISCOMs, we conducted a control assay in which the
ISCOMs-protein A were bound to human IgGs and incubated
with the secondary anti-mouse antibodies labeled with HRP.
The IgG binding capacity of the functionalized ISCOM 4
was also determined by ELISA.

Evaluation of ISCOM-phy by fluorescence

microscopy

The parasites used in the assays to observe the binding of
the ISCOMs labeled with phycocyanin were cultured under
conditions similar to those described above, collected by cen-
trifugation at 1700 g for 10 minutes at 4°C and then washed
with PBS. The pellet containing the parasites was fixed in a
solution of 4% formaldehyde and 0.02% glutaraldehyde at
pH 8.2 and 4°C in a carbonate buffer for 1 hour and counted in
a Neubauer hemocytometer counting chamber. The number
of epimastigotes in suspension was adjusted to 2 x 10%/mL
and 20 pL samples were then placed on borosilicate glass
slides. Once the antigen was dry, the slides were blocked for
30 minutes at 20°C in a blocking solution (PBS [pH 7.2],
0.3% Tween 20, 1% casein, and 0.2 M glycine) before being
washed in PBS. They were then incubated for 30 minutes at
20°C in a humid chamber with the different suspensions of
ISCOMs-phy (ISCOM-phy, ISCOM-phy-A, ISCOM-phy-A-
IgGs, ISCOM-9-phy, ISCOM-9-phy-A, and ISCOM-9-phy-
A-IgGs). Finally, they were washed once again in carbonate
buffer and treated with Prolong Antifade mounting medium.
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The binding of the nanocapsules labeled with phycocyanin
was studied and recorded under a Leica DMI 6000 confo-
cal microscope (Leica Microsystems, Wetzlar, Germany)
at 650 nm.

Fluorescence measurements were made using images
taken with the ImageJ program (http//:rsb.info.nih.gov/ij;
National Institutes of Health, Bethesda, MD).

Actinomycin D activity in the inhibition

of cell growth

To assess the delivery capacity of nanocapsules covered with
specific antibodies and loaded with actinomycin D compared
to the same antibiotic delivered in a free, nonencapsulated
form, we conducted a series of experiments to assess the death
rate induced in cultures of the epimastigote form of 7. cruzi
(1 x 107 parasites/mL) by ISCOM-9-actinomycin D-protein
A-IgGs. To this end, epimastigotes in the exponential-growth
phase were adjusted to 1 x 10”/mL and 200 pL aliquots were
placed in the wells of a cell-culture microplate; 5, 15, or
30 uL aliquots of the nanocapsule suspension were added
and left for 2 hours. The plate was then centrifuged at 250 g
for 10 minutes and the sediments washed with fresh medium
to eliminate any nanocapsules remaining unbound. The sedi-
ment was subsequently incubated at 28°C for 24 hours and
the cytotoxicity of the wells was assessed after treatment
with a CytoTox 96 non-radioactive cytotoxicity assay kit
(Promega), which measures the release into the medium of
the enzyme lactate dehydrogenase present in the cytoplasm
of intact cells. Each of the assays was repeated in triplicate.
The cytotoxicity of each well was tested colorimetrically at
490 nm in a MultisKan Spectrum plate reader (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Statistical analysis

A Tukey—Kramer multiple comparisons test was used to
estimate the significance of the difference between means.
The results are indicated as mean values (standard errors of
the mean of the different groups at different times for each
experiment performed were determined). All the experiments
were repeated three times; P < 0.001 was considered to be
extremely significant. GraphPad Instat v3.05 (GraphPad
Software, Inc, La Jolla, CA) software was used for the sta-
tistical testing.

Results

Synthesis of vinyl-sulfone reagents
Various different compounds containing hydrophobic chains
and vinyl-sulfone functionality for conjugation with the

amino groups present in protein A were prepared according to
the procedure described by Morales-Sanfrutos et al. Starting
from 1-bromooctadecane (1), oleic acid (5), and cholesterol
(8), respectively, simple chemical strategies allowed us to
obtain good yields of their corresponding vinyl-sulfone
derivatives (Figure 1). Thus, nucleophilic displacement of the
bromide derivative 1 with 2-thioethanol followed by oxida-
tion with peroxyacetic acid and subsequent dehydration led
easily to compound 4. Compound 7 was obtained by making
oleic-acid chloride react with cystamine and reducing the dis-
ulfide thus obtained with powdered Zn, followed by Michael
addition to divinyl sulfone in a one-step procedure. Finally,
the simple treatment of commercial cholesterol with divinyl
sulfone under basic conditions afforded a moderate yield
of the corresponding vinyl-sulfone derivative, compound 9.

'H and "*C NMR spectra confirm the structures of com-
pounds 4, 7, and 9 (see Supplementary materials).Product
yields are indicated in Figure 1. Additionally, NMR spectra
of compounds 4, 7, and 9 are included in the Supplementary
material.

Characterization of the nanocapsules

The shape, morphology, homogeneity, and size of the nano-
capsules were checked by transmission electron microscopy
(see Figure 2) according to Papadopoulou et al.** The particles
formed by the three functionalized compounds 4, 7, and 9,
showed an average size of 37 nm, appeared to be homoge-
neous, and with characteristics proper to those of an ISCOM,
showing the typical shape of this type of nanocapsule.

When phycocyanin was encapsulated in the nanocap-
sules, ISCOMs charged with dye were obtained, as can be
seen in the confocal micrographs in Figure 3, which, when
anchored to the surface of the epimastigote forms of the
parasite, showed phycocyanin fluorescence when excited
at 620 nm.

Encapsulation of actinomycin D in the ISCOMs was
checked by mass spectrometry after the nanocapsules had
been purified by centrifugation in a gradient. The antibi-
otic was found in the pellet along with the nanocapsules.
Evaluation by spectrophotometry revealed that the concen-
tration of antibiotic was 0.192 pug/mL when the pellet was
diluted at 1:1 w/v in PBS. The same suspension was used in
subsequent experiments to assess its effect on the epimas-
tigote forms of the parasite.

Evaluation of bound IgGs
The evaluations by ELISA of the IgGs bound to the nano-
capsules are set out in Figure 4, in which it can be seen
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Figure 2 Transmission electron microscope images. (A) ISCOM-matrix. (B) ISCOM-phy-7-A-IgG-specific. (C) ISCOM-4-A-IgG-specific containing actinomycin D.

(D) ISCOM-9-A-IgG specific IgGs.
Note: Bar = 150 nm.
Abbreviations: IgG, immunoglobulin; ISCOM, immunostimulating complex.

that the compounds containing vinyl-sulfone groups and
hydrophobic chains (4, 7, or 9) simultaneously are capable
of incorporating the IgGs by different strategies; functional-
ized long alkyl chains and those containing functionalized
cholesterol are both capable of incorporating the different
IgGs, either by binding to protein A, which had previously
been anchored to the compounds with vinyl sulfone 4 or 7,
or by binding directly to the functionalized cholesterol
(compound 9).

The results suggest that the lipophilic part of vinyl-
sulfone compounds 4 and 7 is inserted into the wall of the
nanocapsules, where the presence of functional protein A was
observed by its binding to the immunoglobulins linked to the
vinyl-sulfone/protein A complex. In the case of compound 9,
protein A is bound directly to the compound already inserted
into the wall of the nanocapsule.

Only the controls, unbound ISCOMs, and those bound
to human IgGs instead of mouse IgGs, were not recognized
by the secondary anti-mouse antibodies, which proves that
the colorimetric reaction can be put down to the mouse IgGs
bound to protein A inserted into the nanocapsules rather than
to the binding of the immunoglobulins that form part of the
secondary antibody to protein A.

The average binding efficiency of IgG to the ISCOM 4
evaluated by ELISA was 0.034 ug of IgG per 1 pg.

When nanocapsules containing phycocyanin were used,
whether bound to antibodies specific or not to the forms of
the parasite, maximum fluorescence intensities, as observed
under a confocal microscope, were always obtained when the
specific IgG’s deriving from the immunization were bound
to the nanocapsules.

The fluorescence levels of all the preparations with the
control ISCOMs (ie, those not bound to any antibodies spe-
cific against 7. cruzi or where purified IgGs not specific to the
parasite were used) were close to zero. In those preparations
in which the specific immunoglobulins were bound to the sur-
face of the nanocapsules, on the other hand, the fluorescence
levels were between 12 and 19 times higher than the controls,
which indicates that the IgGs are anchored to the surface of
the nanocapsules and that their functionality depends upon
their Fab regions recognizing the epitopes of the parasite
antigens. The fluorescence levels measured in the different
assays are set out in Table 1, Figures 3 and 5.

Cytotoxicity assays

The cytotoxicity data after 24 hours’ treatment, showing
a comparison between the toxicity of free actinomycin D
(50 ng/mL) and that of the different concentrations of antibi-
otic encapsulated in the nanocapsule ISCOM-9-actinomycin
D-A-IgGsp, are set out in Figure 6.
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Figure 3 Laser confocal micrographs of epimastigotes of Trypanosoma cruzi incubated with different phycocyanin nanocapsules. (A) ISCOM-phy; (B) ISCOM-phy-4-A;

(C) ISCOM-phy-4-A-lgGsp; (D) ISCOM-phy-7-A; (E) ISCOM-phy-7-A-lgGsp.
Notes: (1) Laser confocal and (2) phase contrast microscope images.

Abbreviations: IgG, immunoglobulin; IgGsp, 1gG specific; ISCOM, immunostimulating complex; phy, phycocianin.

A correlation of the cytotoxicity induced in 7. cruzi
against the dose of antibiotic contained in the functionalized
nanocapsules bound to specific protein A-IgG gave a linear
regression with » = 0.9801, with a theoretical inhibition of
100% at a dose of 25.47 x 107 ng/mL of actinomycin D.

Discussion
ISCOMs are rigid, lipid nanosomes in the shape of hollow
pentagonal dodecahedrons about 40 nm in diameter,

400 — -
i
320 T [
- A
A A — T |
g 240 J J T
< A
S l 1
<
[
O 160 -
0.80 [
A
0.00 | | | 4 | |
’ 4 7 9 ISC matrix ISC PrtAHIGG  IgG spec
Groups

Figure 4 Evaluation of bound IgGs.

Notes: Determination with ELISA of the immunoglobulins bound to the nanoparticles
via a secondary anti-mouse antibody labeled with peroxidase. The results are the
mean of three experiments + standard error of the mean. **P < 0.01 Tukey—Kramer
multiple comparisons test; **P < 0.001. 4, ISCOM with compound 4 linked to mouse
Prot A-IgG; 7, ISCOM with compound 7 linked to Prot A bound to mouse IgG; 9,
ISCOM formed with compound 9 (I:1) linked to Prot A bound to mouse IgG; ISC
matrix, ISCOM-matrix; ISC Prt A H IgG, ISCOM with compound 4 linked to Prot A and
human IgG; IgG spec, mouse IgG obtained after immunization with Trypanosoma cruzi.
Abbreviations: IgG, immunoglobulin; ISCOM, immunostimulating complex; OD,
optical density; Prot A, protein A.

originally developed as carriers in immunization systems.’
They constitute nanosystems for antigenic presentation in
which the proteins of the antigens bind to the nanocapsules
via the hydrophobic domains of their sequences. This aspect
of their activity does, however, present a serious disadvantage
for hydrophilic proteins or peptides. We have attempted to
solve this drawback by designing a system capable of binding

Table | Relative fluorescence of the different immunostimulating
complex (ISCOM) preparations

Sample Relative fluorescence (mean * SD)
ISCOM-phy 0.034 +0.01
ISCOM-phy7-A 0.058 + 0.02
ISCOM-phy4-A 0.05 £ 0.0l
ISCOM-phy7-A-IgGsp 16.477 £ 0.45%+*
ISCOM-phy4-A-IgGsp 14.03 + 0.1 2%+
ISCOM-9-phy-Aa 0.02 £ 0.0l
ISCOM-9-phy-A-1gGspa 19.501 £ 0.3 1*#*
ISCOM-9-phy-Ab 0.03 £ 0.0l
ISCOM-9-phy-A-IgGspb 12.09 + 0.1 2%
ISCOM-phy7-A-IgG non-sp 0.5%0.16
ISCOM-phy4-A-IgG non-sp 0.03 £ 0.01
ISCOM-9-phy-A-IgG non-spa 0.058 + 0.02

Note: **P < 0.001 by the Tukey—Kramer multiple comparisons test, between the
samples without specific G immunoglobulin (IgG).

Abbreviations: IgG, immunoglobulin; ISCOM-phy, ISCOM labelled with phycocyanin;
ISCOM-phy 7-A, protein A bound to ISCOM-phy with compound 7; ISCOM-phy 4-A,
protein A bound to ISCOM-phy with compound 4; ISCOM-phy 7-A-IgGsp, ISCOM-
phy, compound 7 with protein A and Trypanosoma cruzi-specific mouse IgG; ISCOM-
phy 4-A-lgGsp, ISCOM-phy, compound 4 with protein A and T. cruzi-specific mouse
1gG; ISCOM-9-phy-Aa, ISCOM-phy prepared with modified cholesterol (compound 9
at a ratio of I:1) and protein A; ISCOM-9-phy-A-IgGspa, ISCOM-phy prepared
with modified cholesterol (compound 9 at a ratio of I:l) and protein A and
T. cruzi-specific mouse IgG; ISCOM-9-phy-Ab, ISCOM-phy prepared with modified
cholesterol (compound 9 at a ratio of 2:3) with protein A; ISCOM-9-phy-A-lgGspb,
ISCOM-phy prepared with modified cholesterol (compound 9 at a ratio of 2:3)
with protein A and T. cruzi-specific mouse IgG; ISCOM-phy 7-A-IgG non-sp ISCOM-
phy prepared with compound 7, protein A and nonspecific human IgG; ISCOM-phy
4-A-1gG non-sp, ISCOM-phy prepared with compound 4, protein A and nonspecific
human IgG; ISCOM-9-phy-A-IgG non-sp, ISCOM-phy prepared with modified
cholesterol (compound 9 at a ratio of 2:3), protein A and nonspecific human IgG.
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Figure 5 Laser-confocal micrograph of epimastigotes of Trypanosoma cruzi incubated with nanocapsules formed with compound 9. (A) ISCOM-9-phy-A (I:1). (B) ISCOM-9-

phy-A-lgGsp (I:1). (C) ISCOM-9-phy-A (2:3). (D) ISCOM-9-phy-A-lgGsp (2:3).

Notes: Immunostimulating complex (ISCOM)-9-phycocianin (phy)-A (1:1), nanocapsules formed with compound 9—cholesterol (1:1) with phy linked to protein A (Prot A)
without specific G immunoglobulin (IgG); ISCOM-9-phy-A-IgGsp (I:1), nanocapsules formed with compound 9—cholesterol (I:1) with phycocianin linked to specific Prot A
1gG; ISCOM-9-phy-A(2:3), nanocapsules formed with compound 9—cholesterol (2:3) with phycocianin linked to Prot A without specific 1gG; ISCOM-9-phy-A-IgGsp (2:3),
nanocapsules formed with compound 9—cholesterol (2:3) with phycocianin linked to Prot A specific IgG; |, Laser confocal; 2, phase contrast microscope images.

the proteins to ISCOMs via their amino or thiol groups by
using novel compounds made up of a lipid chain bound to
a vinyl sulfone group (compounds 4, 7, and 9) synthesized
specifically for this purpose. First, 4- or 7-vinyl sulfones
are able to covalently modify protein A and thus it can be

Cytotoxicity

A B C D E F
Treatments

Figure 6 Cytotoxicity + against epimastigote forms of Trypanosoma cruzi measured
after 24 hours treatment with actinomycin D contained in functionalized nanocapsules
bound to IgGs. (A) Epimastigotes of T. cruzi treated with 50 ng/mL of actinomycin D.
(B) Epimastigotes of T. cruzi treated with ISCOM-9-actinomycin D-A-IgGsp containing
0.15 x 102 ng/mL of actinomycin D. (C) Epimastigotes of T cruzi treated with
ISCOM-9-actinomicyn D-A-lgGsp containing 2.88 x 102 ng/mL of actinomycin D.
(D) Epimastigotes of T. cruzi treated with ISCOM-9- actinomycin D-A-IgGsp containing
5.76 x 1072 ng/mL of actinomycin D. (E) Control culture of untreated epimastigote forms
of T.cruzi. (F) Control culture of epimastigote forms of T. cruzi treated with functionalized
nanocapsules without actinomycin D ISCOM-9-matrix A-IgG specific against the parasite.
Notes: The results are the mean of three experiments * standard error of the
mean. ns = P > 0.05; ***P < 0.001 Tukey—Kramer multiple comparisons test.
Abbreviations: IgG, immunoglobulin; ISCOM, immunostimulating complex; ns, not
significant.

anchored to an ISCOM due to hydrophobic interactions
(strategy A) (Figure 7A). Alternatively, an ISCOM prepared
with cholesterol-vinyl sulfone compound 9 gives rise to
functionalized nanocapsules that can bind protein A cova-
lently by simple incubation (strategy B) (Figure 7B). Both
strategies lead to similar results, although strategy B offers
some advantages over strategy A in terms of its versatility.
Vinyl-sulfone functionalized ISCOM obtained by strategy B
could be modified by incorporating other molecules instead
of protein A, thus avoiding any need for previous incubation
with lipidic compounds 4 or 7.

ISCOMs obtained by either strategy and incorporating
protein A are subsequently modified with IgG. This integra-
tion of proteins opens the way to using these nanocapsules
to deliver their content of drugs, nucleic acids, antibodies,
or specific ligands to precise sites to enable them to bind to
the membranes of pathogens or tumoral cells. Other than
this, they might be used in targeted immunization systems to
allow the release of antigens to dendritic cells, for example,
or in any other application requiring the use of antibodies
and enzymatic or fluorescent labels for immunodiagnostic
purposes.

As explained in the Results section, we conducted
assays using both strategies, one aimed at binding proteins
to the fatty-acid-bearing compounds 4 and 7 by a treatment
undertaken after the preparation of the ISCOMs, without
altering the size or shape of the nanocapsules. In the same
way, compound 9 (Figure 8), corresponding to the structure
made up of cholesterol functionalized with the vinyl-sulfone
group inserted into the nanocapsule during its preparation,
led to the typical ISCOM shape, which remained unaltered
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Figure 7 Schematic representation of the ISCOM with compounds 4, 7, or 9 linked to protein A.

Abbreviations: ISCOM, immunostimulating complex; Prot A, protein A.

when proteins were subsequently bound to it. Other assays
(not shown) revealed that the stability and functionality of
ISCOMs prepared in this way remained intact under labora-
tory conditions even when they were lyophilized and kept at
rt for 3 months before being reconstituted for experimental
use, since they maintained their cytotoxic activity throughout
this time.

Staphylococcal protein A is a surface protein with an
aptitude for binding rapidly with the immunoglobulins of
numerous mammals.*® It is about 42 kDa in size and contains
five highly conserved domains in tandem (E, D, A, B, and C)

which can bind to the conserved, or Fc, region of 1gGs.*
This has led to its being widely used in chromatographic
purification processes involving immunoglobulin, or else in
their labeling.* Protein A’s region X, of about 14 kDa, makes
up the COOH terminal region and is unable to bind IgGs,
which remain anchored to the membrane of Staphylococcus.*!
The aza-Michael-type addition of vinyl-sulfone derivatives
of these hydrophobic compounds was thought to be an opti-
mum tool to promote their binding with the amino groups
in the Lys, Cys, or His residues of protein A, as this reac-
tion usually proceeds very efficiently, without forming any

ISCOM

Prot A

IgGsp

Phycocyanin

T.cruzi

7Y <8O

Figure 8 Graphical abstract of the ISCOM with the compounds linked to protein A-IgG.
Abbreviations: IgG, immunoglobulin; IgGsp, 1gG specific; ISCOM, immunostimulating complex; Prot A, protein A; T. cruzi, Trypanosoma cruzi.
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undesired by-products, simply by mixing the reagents in a
suitable solvent. In this case, the binding of the compounds to
protein A must take place mainly through region X because
of the number of lysines it contains; in fact, out of a total of
69 lysine residues, 26 are found in the X region.*'*> Because
protein A is in a functional form when attached to compounds
4,7,0r9,the E, D, A, and C regions remain free and able to
capture the IgGs via the Fc regions of the antibodies, which
allows the variable Fab regions of the immunoglobulins to
interact with the epitopes of the antigen.

Our results reveal that, after incubating the different
types of functionalized nanocapsules bound to protein A
with specific immunoglobulins, the relative fluorescence
levels are 15.52 *+ 1.60 units, whereas the functionalized
nanocapsules bound either to nonspecific immunoglobu-
lins or without immunoglobulins give fluorescence values
close to zero (0.097 £ 0.05). From this we deduce that the
ISCOMs are capable of binding to the functional immuno-
globulins without hindering their recognition in any way and
anchoring to the epitopes of the antigens on the surface of
the epimastigote forms of the parasite (Table 1). The results
also verify the delivery capacity of both the ISCOMs bound
to immunoglobulins and those containing phycocyanin, and
prove that the binding of specific IgGs to the protein A—vinyl-
sulfone compounds was stable, because, when human IgGs
were bound, the secondary anti-mouse antibodies failed to
recognize them. This ratifies, on the one hand, the binding
between IgG and the protein A—vinyl-sulfone compounds
and, on the other, that the positive results cannot be put
down to the proteins of the secondary antibody binding to
the functionalized ISCOMs.

It is well known that actinomycin D inhibits RNA synthesis
and thus the synthesis of proteins.*** The antibiotic’s activity
against 7. cruzi depends on its inhibiting the parasite’s multi-
plication and even decreasing its infectivity against vertebrate
host cells,* being capable of blocking RNA synthesis in the
parasite within 24 hours at a dose of 10 pg/mL.* Our results
show that a 50 ng/mL dose of actinomycin D delivered in
free form was capable of killing the parasite within 24 hours,
whilst the various concentrations of the antibiotic encapsu-
lated in functionalized ISCOMs produced dose-dependent
effects with a linear relationship close to 1 (» = 0.9801),
achieving, by interpolation, 100% effectiveness at a dose of
25.47 x 102 ng/mL, or 196.8 times lower than that required
when given in free form.

The functionalized ISCOMs incubated under identical
conditions, but in which the IgGs were not specific, did not
prove toxic to the epimastigote forms of 7. cruzi and so we

could rule out the possibility that the vinyl sulfone itself
employed in the preparation of the ISCOM exerted any
toxic effect on the parasites, although some authors*’ have
reported that it deactivates the cysteine proteases necessary
for the parasite’s survival. The fact that vinyl sulfone binds
to protein A and then to the ISCOMs, just as the treatment
with glycine to block the unreacted vinyl-sulfone groups,
would inhibit the potential toxicity of these reactive groups.
At the same time it would favor the hydrophilia of the
ISCOMs themselves, which would render them invisible
to macrophages, unlike the hydrophobic surface of con-
ventional nanoparticles, together with their high curvature
(<100 nm), which reduces opsonization reactions and allows
them to elude capture (the inconvenient fate of many lipid
nanocapsules described in the literature) and remain for
longer in the bloodstream.*

It may be concluded then that these types of nanocapsules,
functionalized with compounds containing a vinyl sulfone
and a hydrophobic chain, such as compounds 4, 7, or 9, are
capable of binding proteins or any other kind of receptor or
ligand susceptible to reaction with vinyl sulfones, and are
suitable for use as delivery systems in directional therapy,
in which specific antibodies or ligands are required to carry
drugs directly to their targets, thus increasing their effective-
ness whilst at the same time reducing drastically their dosage
and their toxicity to the body in general, which is often a
drawback in conventional therapy.

Conclusion

We have constructed functionalized ISCOM-type nanocap-
sules with lipid vinyl sulfones capable of binding functional
IgGs on their surfaces, which favors the recognition and
transport of these nanocapsules to specific cells.
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Supplementary materials
The '"H NMR and "*C NMR were analyzed in a 300 MHz
Varian Inova Unity with a broadband (*C and 'H) probe.

AL 147

Archive directory:
Sample directory:

File: PROTON

Pulse sequence: s2put

—
A '
-y S
7 6 5 4 3 2 1 0 ppm
I o — Lt
228 238 5.15 69.00
234 5.07 6.29

Figure S1 'H NMR spectra for compound 4.
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Figure S2 '*C and DEPT NMR spectra for compound 4.
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ISCOMs functionalized with lipid vinyl sulfones
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Figure S3 'H NMR spectra for compound 7.
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Figure S4 *C and DEPT NMR spectra for compound 7.

International Journal of Nanomedicine 2012:7

submit your manuscript

Dove

5955


www.dovepress.com
www.dovepress.com
www.dovepress.com

Cruz-Bustos et al Dove

o/ W
NN
i
40

Jr H L
el d R i T Al A r T
s & 3 E &8 33 N 3
T T T T T T T T T T T T — T T T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 35 3.0 25 20 1.5 1.0 0.5 0.0
F1 (ppm)
Figure S5 'H NMR spectra for compound 9.
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Figure S6 '*C and DEPT NMR spectra for compound 9.
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