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a b s t r a c t
Anionic surfactant-free polymeric core–shell nanospheres and microspheres were previously described
with an inner core constituted by poly(methylmethacrylate) (PMMA) and a highly hydrophilic outer shell
composed of a hydrosoluble co-polymer (Eudragit L100-55). The outer shell is tightly linked to the core
and bears carboxylic groups capable of adsorbing high amounts (antigen loading ability of up to 20%,
w/w) of native basic proteins, mainly by electrostatic interactions, while preserving their activity. In the
present study we have evaluated in mice the safety and immunogenicity of new vaccine formulations
composed of these nano- and microspheres and the HIV-1 Tat protein. Vaccines were administered by
different routes, including intramuscular, subcutaneous or intranasal and the results were compared
to immunization with Tat alone or with Tat delivered with the alum adjuvant. The data demonstrate
that the nano- and microspheres/Tat formulations are safe and induce robust and long-lasting cellular
and humoral responses in mice after systemic and/or mucosal immunization. These delivery systems
may have great potential for novel Tat protein-based vaccines against HIV-1 and hold promise for other
protein-based vaccines.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Several new approaches to vaccine development were proposed
in recent years, including protein subunits, peptides and plasmid
DNA. These vaccines, although generally safer than the traditional
ones (e.g. viral or bacterial vectors), are poorly immunogenic when
administered alone. Currently, aluminium salts (generally referred
to as alum) and MF59 (a squalene o/w emulsion) are the only
vaccine adjuvants approved for human use [1–5]. Consequently,
a great need exists for new, safe and potent immunostimulatory adjuvants that may be compatible with the development
of new-generation vaccines. Several new adjuvants have been
tested in clinical trials. However, most of them were proved to
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be too toxic for routine clinical application. In addition to a good
safety record, other important issues in adjuvant development
include biocompatibility, stability, low cost, ease of production
and administration (i.e. mucosal vaccines), lack of immunogenicity and applicability to different vaccine antigens. In this scenario,
the use of polymeric particulate adjuvants is an expanding research
ﬁeld. It is well-established that antigen encapsulation in biodegradable polymeric matrices protects the antigen from unfavourable
conditions encountered after systemic or mucosal administration,
and increases its uptake by antigen-presenting cells facilitating
the induction of potent immune responses [6–11]. Nevertheless, encapsulation-based approaches may often be accompanied
by instability and degradation of the entrapped biomolecules
occurring during encapsulation and/or release processes [12–15].
Instead, surface adsorption strategies are claimed to avoid problems of antigen instability and/or incomplete release associated to
encapsulation/release in biodegradable microspheres. For instance,
very efﬁcient and potent immune responses were induced by antigens adsorbed onto anionic PLG microspheres, polymeric lamellar
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substrate particles or anionic wax nanoparticles [16–25]. However,
in most of these systems the presence of adsorbed surfactants or
polymeric stabilizers may give rise to irreproducibility of the vaccine formulation, premature release of the charged molecules, and
consequently of the antigen, both during preparation of the formulation or after administration, thereby leading to variable efﬁcacy
as well as undesirable toxic effects of the free charged molecules
[15,26]. Moreover, also the microsphere biocompatibility may be
affected by the presence of the surfactant, thus leading to further
criticism for future clinical development [27]. To overcome these
problems, PLA or PLGA particles with charged groups covalently
bound to the particle surface were developed by chemical modiﬁcation of preformed particles or by using functional polymers or
copolymers during particle synthesis [28,29]. In addition, to avoid
the still unresolved concerns about the presence of surfactants such
as SDS or stabilizers such as PVA in microparticle formulations to
be used in humans, new anionic surfactant-free nanoparticles containing only PLA polymers with a carboxylic end group were also
developed and shown to be efﬁcient vaccine delivery systems [30].
In this scenario, surfactant-free polymeric core–shell nanoparticles and microparticles were developed by our group with
homogeneous size and size distribution and able to bind biologically active macromolecules on their surface without the need for
added surfactants and/or detergents during or after the synthetic
procedure [31–35]. These novel particles exhibit a core–shell structure, with an inner core constituted by poly(methylmethacrylate)
(PMMA) and a highly hydrophilic outer shell composed of a
hydrosoluble co-polymer, namely poly(methacrylic acid-st-ethyl
acrylate) copolymer whose commercial name is Eudragit L100-55,
which is tightly linked to the core and bears carboxylic groups.
These particles are well-tolerated in mice, even after multiple
administrations, and able to accommodate in their shell high
amounts (antigen loading ability of up to 20%, w/w) of native
proteins, mainly by ionic interactions, while preserving their activity. In particular, we have shown in vitro that anionic nano- and
microspheres bind the HIV-1 Tat protein and protect it from oxidation thus increasing the shelf-life of the Tat protein vaccine
[34,35]. This is an important feature for a delivery system as it
may hold promise for vaccination with Tat, as well as for other subunit vaccines, particularly when a native protein conformation and
maintenance of biological activity is required. Tat oxidation leads
to protein multimerization, aggregation and loss of the biological
and immunological activities [36–38]. In particular, active Tat is
required for efﬁcient uptake by and maturation of dendritic cells,
for the immunomodulatory effects as well as for vaccine potency
[39,40]. The stabilization effect of surface adsorption of Tat on
these anionic PMMA nano- and microspheres is likely due to the
highly hydrophilic shell which may accommodate native protein
molecules in the Eudragit chains, i.e. HIV-1 Tat monomers, preventing protein multimerization and loss of biological activity [33–35].
To gain further insight on the potential use of this technology
platform, in the present study we have evaluated in mice the safety
and immunogenicity of new vaccine formulations composed of
selected samples of these nano- and microspheres and the HIV-1
Tat protein. Vaccines were administered by different routes, including intramuscular, subcutaneous or intranasal and the results were
compared to immunization with Tat alone or with Tat delivered
with the alum adjuvant.

posed of poly(methacrylic acid-st-ethyl acrylate) copolymer whose
commercial name is Eudragit L100/55, bearing carboxylic groups
able to reversibly bind biologically active basic proteins, and characterized by very homogeneous size and size distribution, were
generated by dispersion (samples H1D and 2H1B) and emulsion
(sample MA7) polymerization procedures, as described in detail
previously [33–35]. The physico-chemical properties and surface
binding and release kinetics are described in detail elsewhere
[33–35] [Sparnacci et al., manuscript in preparation] and brieﬂy
summarized in Table 1. The endotoxin content of the particles
was tested by the Limulus Amoebocyte Lysate analysis and it was
below the detection limit (<0.05 EU/g).
2.2. Protein and peptides
The monomeric biologically active Tat protein (86 aa) of HIV-1
(HTLVIII-BH10) was produced in Escherichia coli, puriﬁed as a good
laboratory practice (GLP) manufactured product and provided by
Diatheva (Fano, Italy). The biological activity of each batch of Tat
protein was determined by means of a very sensitive method based
on Tat uptake by monocyte-derived dendritic cells, as described
previously [36]. Tat is photo-, air- and thermo-sensitive and oxidizes easily (due to the presence of seven cysteines in its sequence)
when exposed to air, light and room temperature. Thus, to prevent
oxidation, which causes aggregation of the bioactive monomers and
loss of biological activity, the Tat protein was stored lyophilized at
−80 ◦ C and resuspended (2 mg/ml) in degassed commercial phosphate buffered saline (PBS) in the dark and on ice, immediately
before use [37]. Endotoxin concentration of different GLP lots of
Tat was below the detection limit (<0.05 EU/g), as tested by the
Limulus Amoebocyte Lysate analysis. The VCF (VCFITKALGISYGRK)
Tat peptide containing a Kd -restricted CTL epitope and a CD4+ T
cell epitope [41] was synthesized by UFPeptides s.r.l. (Ferrara, Italy),
resuspended in H2 O (10−2 M) and stored at −80 ◦ C until use.
2.3. Preparation of protein/sphere complexes
Lyophilized nano- or microsphere samples were resuspended
in PBS at 2 mg/ml. Complexes between the HIV-1 Tat protein
(prepared as described in the previous section) and nano- and
microspheres were prepared by mixing appropriate volumes of Tat
protein and nano- or microspheres under continuous stirring for
1 h at 4 ◦ C. Tat:particles ratios of 1–10 g (Tat)/30–60 g (spheres)
which give adsorption efﬁciency of 100% were used, as previously described [33–35]. Speciﬁcally, for intramuscular (i.m.) and
intranasal (i.n.) inoculations 1 g of Tat/30 g of particles/mouse
in 100 l were used. The immunogen was prepared by mixing 3 l
(6 g) of Tat and 90 l (180 g) of spheres (for groups composed of
6 mice), or 4.5 l (9 g) of Tat and 135 l (270 g) of spheres (for
groups composed of 9 mice). For subcutaneous (s.c.) vaccination,
10 g of Tat/60 g of particles/mouse in 100 l were used, and the
immunogen was prepared by mixing 30 l (60 g) of Tat and 180 l
(360 g) of spheres (for groups of 6 mice). After incubation, complexes were collected in a microfuge at 13,500 rpm, resuspended in
the appropriate volume of degassed sterile PBS [600 l for i.m. or
s.c. immunization of groups composed of 6 mice (100 l/mouse);
60 or 90 l for i.n. vaccination of groups composed of 6 or 9 mice,
respectively (10 l/mouse)] and used immediately.
2.4. Mice studies

2. Materials and methods
2.1. Core–shell anionic nano- and microspheres
Core–shell
particles
with
a
core
constituted
by
poly(methylmethacrylate) and a highly hydrophilic shell com-

Animal use was according to National Guidelines and Institutional Policies. Female BALB/c mice of six to eight weeks of age
(Charles River, Italy) were inoculated with formulations composed
of Tat protein adsorbed onto the H1D microspheres. Control mice
were inoculated with Tat protein alone in aluminium phosphate

Author's personal copy
A. Caputo et al. / Vaccine 27 (2009) 3605–3615

3607

Table 1
Summary of physico-chemical characteristics of anionic core–shell nano- and microspheresa .
Sample

Polymer (stabilizer)

Synthetic procedure

SEM diameter
(m) (±S.D.)

Surface
area (m2 /g)

Surface charge
(COOH mol/g)

MA7
2H1B
H1D

PMMA (Eudragit L100/55)
PMMA (Eudragit L100/55)
PMMA (Eudragit L100/55)

Emulsion polymerization
Dispersion polymerization
Dispersion polymerization

0.22 (±0.008)
0.63 (±0.06)
1.99 (±0.17)

27.28
9.26
2.96

64.3
60.2
54.7

Antigen loading
ability (% wt/wt)
20
20
1–9

Refs.
[32,35]
[31,33]
[31,33,34]

a
The synthesis and physico-chemical characterization of polymeric nano- and microspheres composed of an inner core made of poly(methylmethacrylate) (PMMA), and
of carboxyl (COOH) functional surface groups derived from Eudragit L100/55 stabilizer, were described in detail elsewhere [31–35].

(alum) adjuvant, and with alum alone. Each experimental group
was composed of 6 mice. Immunogens (100 l) were given at weeks
0 and 4 intramuscularly (i.m.) in the quadriceps muscles (50 l/leg)
or subcutaneously (s.c.) in one site on the dorsal area near the tail.
For i.m. vaccination, mice received the H1D/Tat (30 g/1 g) vaccine or the same dose of Tat alone in alum. For s.c. immunization
mice were injected with H1D/Tat (60 g/10 g), or with 10 g of
Tat in alum. The dose of 10 g was used for s.c. injection based
on pilot studies (unpublished results) suggesting that this dose of
Tat was optimal for this route of injection. One week later (week
5), 3 mice/group were sacriﬁced to analyze Tat-speciﬁc immune
responses. At week 8, all remaining mice (3 animals/experimental
group) were boosted i.m. or s.c., respectively, with Tat/alum and
sacriﬁced two (week 10) or four (week 12) weeks later. In other
experiments, BALB/c mice (n = 6) were inoculated intranasally (i.n.)
with Tat (1 g) protein adsorbed onto the microspheres (H1D) or
the nanospheres (MA7, 2H1B) (30 g), or with Tat alone (1 or 10 g).
Immunogens (10 l) were administered in the nostrils (5 l/nostril)
4 times (days 0, 7, 14 and 21). Mice (n = 3) were sacriﬁced 1 week
(week 4) and 7 weeks (week 10) after the last immunization. Alternatively, a i.n prime/s.c. boost schedule was used. Mice (n = 9) were
inoculated i.n. with the complexes (30 g of spheres/1 g of Tat),
with Tat alone (1 or 10 g) or with PBS at weeks 0, 3 and 5. Two
weeks later (week 7), 3 mice/group were sacriﬁced to analyze Tatspeciﬁc immune responses. The remaining mice were boosted s.c
with Tat (1 g) in alum at week 8 (3 weeks after the last immunization) and sacriﬁced one (week 9) (n = 3) and ten (week 18)
(n = 3) weeks after the protein boost. During the experiments, animals were controlled twice a week at the site of inoculation and
for their general conditions (such as liveliness, food intake, vitality,
weight, motility, sheen of hair). At sacriﬁce mice were anesthetized
intraperitoneally with 100 l of isotonic solution containing 1 mg
of Zoletil (Virbac, Milan, Italy) and 200 g Rompun (Bayer, Milan,
Italy). Each immunization experiment was repeated twice. Finally,
in some experiments mice were immunized and sacriﬁced to collect
organs for histological and immunohistochemical examinations.
2.5. Serology
The presence of antigen speciﬁc antibodies (IgG) in sera and
in mucosal (IgA, IgG) vaginal and lung lavages was searched by
Enzyme Linked Immunosorbent Assay (ELISA) on mice samples
tested individually, as previously described [42–44].
2.6. Cell puriﬁcation
Splenocytes were puriﬁed from spleens squeezed on ﬁlters
(Cell Strainer, 70 m, Nylon, Becton Dickinson). Following lysis of
red blood cells (RBC) with RBC lysing buffer (Sigma), cells were
washed with RPMI 1640 (Cambrex) containing 10% FBS (Hyclone),
spun for 10 min at 1200 rpm, resuspended in RPMI 1640 containing 10% FBS, 1% l-glutamine (BioWhittaker, Walkersville, MD), 1%
penicillin/streptomycin (BioWhittaker, Walkersville, MD), 1% nonessential amino acids (Sigma), 1 mM sodium pyruvate (Sigma)
and 50 mM ␤-mercaptoethanol (Gibco, Grand Island, NY). In some

experiments, depletion of B lymphocytes and puriﬁcation of CD8+ T
cells were carried out using anti-CD19 and anti-CD8 magnetic beads
(BD Pharmingen, San Jose, CA), according to the manufacturer’s
instructions. Cell cultures were then analyzed by ﬂuorescenceactivated cell sorter (FACSCalibur, BD) analysis using rat anti-mouse
monoclonal antibodies (␣-CD19, ␣-CD3, ␣-CD4, ␣-CD8) and a goat
anti-rat FITC-conjugated antibody (all from BD Pharmingen). In
some experiments NALT (nasal-associated lymphoid tissue) was
also collected (bilaterally on the posterior side of the palate) and
processed as the spleens. Cellular responses were analyzed using
pools of cells for each experimental group.
2.7. Proliferation assays
Proliferation assays were performed by standard 3 H-Thymidine
incorporation assays in sestuplicates using splenocytes or NALTs
cultures at 2 × 105 cells/200 l/well (round-bottom plates, NUNC),
as previously described [41]. The reported results are expressed
as stimulation index (S.I.) determined as the ratio between the
mean counts/minute of antigen-stimulated cells and the mean
counts/minute of the same unstimulated sample.
2.8. Enzyme-linked immunospot (Elispot) assays
For enzyme-linked immunospot (Elispot) analysis on fresh cells,
total splenocytes (5 × 105 cells/well) were added to 96-well Elispot
plates pre-coated with the cytokine-speciﬁc capture antibody, and
incubated at 37 ◦ C for 24 h in the absence (untreated) or presence
of the peptide (10−6 M). For Elispot analysis after ex vivo restimulation, splenocytes (3 × 106 ml) were cultured with the speciﬁc
peptide (3 g/ml) for 5 days, extensively washed with RPMI 1640
containing 10% FBS, placed on (4–5 × 104 cells/well) pre-coated
Elispot plates and incubated as above. Elispot assays were performed for Th1 (IFN-␥) and Th2 (IL-4) cytokines (duplicate wells),
using commercially available murine IFN-␥ and IL-4 Elispot kits (BD,
Pharmingen), as described [35,41]. Results are expressed as number
of spot forming cells (SFC)/106 cells. Responses at least 2-fold higher
than the mean number of spots in the control wells (untreated cells)
and ≥30 (fresh) or ≥100 (after ex vivo stimulation) SFC/106 cells
were considered positive.
2.9. CTL assays
Cytotoxic (CTL) activity was determined at various effector/target ratios by standard 51 Cr release assays, using P815 target
cells previously pulsed with the VCF Tat peptide, as described [41].
Results are expressed as percentage (%) of speciﬁc lysis that was
calculated as 100 × (cpm sample − cpm medium)/(cpm Triton X100 − cpm medium). Spontaneous release was always below 10%.
2.10. Histological, histochemical and immunohistochemical
procedures
At sacriﬁce mice were subjected to autopsy. Sample of cutis, subcutis and skeletal muscles at the site of injection and other organs
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(lungs, heart, lymph nodes, ovaries, intestine, kidneys, brain, spleen
and liver) was taken and processed for histologic, histochemical
and immunohistochemical examination, as described previously
[34,42].
2.11. Statistics
The data related to the antibody responses were analyzed by
the unpaired two-tailed t-test and the one-way ANOVA test and
Dunnett’s post-test. Analysis of cellular responses was done by the
two-way Anova test and Bonferroni’s post-test using the GraphPad
software Prism 4 (El Camino Real, San Diego, CA). The criterion for
statistical signiﬁcance was p < 0.05.
3. Results
3.1. Immunization with H1D/Tat formulations by the
intramuscular route
To evaluate the immunogenic potential of the H1D microspheres, groups of mice were immunized intramuscularly (i.m.)
with the H1D/Tat (30 g/1 g) vaccine or with 1 g of Tat alone in
alum, at weeks 0 and 4. After 1 week (week 5), IFN-␥ responses
tested on fresh splenocytes were signiﬁcantly higher in mice
vaccinated with the H1D/Tat formulation as compared to immunization with Tat/alum (p < 0.01) (Fig. 1A). Also IL-4 responses
were higher in the H1D/Tat vaccinated group, although for this
cytokine the difference was not statistically signiﬁcant (p > 0.05).
Similarly, splenocytes proliferation to increasing doses of Tat protein (0.1, 1 and 5 g/ml) was signiﬁcantly higher in mice vaccinated
with H1D/Tat as compared to that of the Tat/alum group (p < 0.01)
(Fig. 1B). With respect to the humoral responses, immunization
with H1D/Tat elicited production of antibodies. However, at this
time point, IgG titers were lower on the average (562 ± 856)
than those detected in the Tat/alum vaccinees (60,932 ± 60,475)
(p < 0.05) (Fig. 1C).
To evaluate whether i.m. immunization with the H1D/Tat vaccine generate memory T and B cell immunity, all mice were boosted
i.m. with 1 g of Tat/alum 30 days after the last immunization (week
8), and sacriﬁced after 4 weeks (week 12). As shown in Fig. 1F,
the protein boost had a potent effect on the humoral responses,
in particular in the group primed with H1D/Tat, whose IgG titers
(156,486 ± 256,003) increased to levels as high as those in the
Tat/alum mice (443,726 ± 403,993) (p > 0.05). Accordingly, in both
groups of vaccinees the number of IL-4 secreting cells increased
and reached similar levels (p > 0.05) (Fig. 1D). After the boost, the
number of IFN-␥ producing cells (Fig. 1D) and the lymphoproliferative responses to increasing doses of Tat protein (Fig. 1E) were still
higher in the H1D/Tat-primed mice.
To assess which T cell subset was the primary source of IFN-␥ and
IL-4 secretion, cytokine production was tested on CD8+ puriﬁed and
on CD4+-enriched (CD8-depleted) T cell subpopulations. After ex
vivo restimulation with the VCF Tat peptide containing either a Kd restricted CTL epitope and a CD4+ T cell epitope [41], the frequency
of IFN-␥ and IL-4-secreting cells was similar in CD4+-enriched cultures of both groups (Fig. 2A). In contrast, in CD8+ puriﬁed T cell
cultures only IFN-␥ producing cells were detected and mainly in
mice primed with H1D/Tat (p < 0.01) (Fig. 2B).
As a whole the results indicate that the H1D/Tat vaccine
increases the antigen-speciﬁc cellular responses and CTLs, and
primes very efﬁciently the humoral arm of the immune system as
IgG titers were readily detected after 2 i.m. immunizations with
the H1D/Tat vaccine and, after one protein boost, they reached high
levels in a fashion similar to animals immunized with Tat/alum.
These results are in agreement with previous data showing that

formulations composed of MA7 nanospheres and Tat, given i.m.,
increase the antigen-speciﬁc cellular responses, with a prevalence
of Th1-type responses, and promote an efﬁcient priming of the
humoral arm [35]. The results also suggest that a pool of memory
antigen-speciﬁc B and T lymphocytes were generated after 2 i.m.
immunizations with the H1D/Tat vaccine.
3.2. Immunizaton with H1D/Tat formulations by the
subcutaneous route
The immunogenic potential of the H1D/Tat vaccine following
subcutaneous (s.c.) administration was then compared to vaccination with Tat/alum. Thereby, mice were immunized s.c. with
H1D/Tat (60 g/10 g), or with Tat/alum (10 g), at weeks 0 and
4. After 1 week (week 5), IFN-␥ and IL-4 responses were significantly higher in mice vaccinated with the H1D/Tat formulation
as compared to immunization with Tat/alum (p < 0.01) (Fig. 3A). In
addition, speciﬁc anti-Tat CTLs capable of killing P815 cells pulsed
with the Kd -restricted VCF Tat peptide were detected in both groups
of vaccinees but, again, immunization with H1D/Tat induced a
higher activity (Fig. 3B). The analysis of humoral responses showed
that also s.c. immunization with H1D/Tat elicited antibody production. As for the previous i.m. protocol, after 2 s.c. injections
of H1D/Tat, IgG titers in the H1D/Tat group (4747 ± 3049) were
lower on the average than those detected in the Tat/alum vaccinees
(80,993 ± 37,896) (p < 0.05) (Fig. 3C).
To evaluate whether s.c. immunization also induces Tat-speciﬁc
memory B and T cell responses, all mice were boosted at week
8 with Tat/alum by the s.c. route and sacriﬁced 2 weeks later
(week 10). IFN-␥ and IL-4 responses were sustained and still significantly higher in the group primed with H1D/Tat (p < 0.01) (Fig. 3D),
and these responses again correlated with stronger CTLs activities
(Fig. 3E). As for the previous i.m. protocol, the protein boost had a
potent effect on IgG responses, in particular in H1D/Tat primed mice
whose antibody titers (83,733 ± 38,358) increased to high levels as
in the Tat/alum vaccinees (628,521 ± 614,169) (p > 0.05) (Fig. 3F).
The results suggest that, also after s.c. inoculation, the presence
of the microspheres in the vaccine formulation increases both Th1and Th2-type antigen-speciﬁc cellular responses and CTLs, and promotes an efﬁcient priming of the humoral arm of the immune
system. In addition, a pool of memory antigen-speciﬁc B and T
lymphocytes are generated also by this route of immunization.
3.3. Immunizaton with H1D/Tat, 2H1B/Tat and MA7/Tat by the
intranasal route
As the mucosal route of immunization is considered a simple,
safe, efﬁcacious and less expensive method to deliver antigens, to
assess the mucosal immunogenic potential of the technology platform, mice were immunized intranasally (i.n.) 4 times (days 0, 7, 14
and 21) with the H1D/Tat vaccine (30 g/1 g). Additionally, mice
were immunized also with formulations composed of MA7 or 2H1B
nanospheres (30 g) and Tat (1 g), as these particles have smaller
size (Table 1) which may be more suitable for i.n. inoculation. Control mice were inoculated with 1 or 10 g of Tat alone. As shown in
Fig. 4A, 1 week after the last immunization IFN-␥ responses were
detected at high levels only in mice immunized with the nano- or
the microspheres/Tat formulations, and in mice immunized with
10 g of Tat, but not in mice immunized with 1 g of Tat alone
(p < 0.05). In particular, the nanosphere-based vaccines (MA7/Tat
and 2H1B/Tat) induced the most potent IFN-␥ responses (p < 0.001)
which were even slightly higher than those induced by immunization with a 10-fold higher dose of Tat. Overall, IL-4 responses were
lower than IFN-␥ responses in all groups. However, immunization
with MA7/Tat, 2H1B/Tat or H1D/Tat elicited higher IL-4 responses
as compared to immunization with 1 g of Tat. The differences were
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Fig. 1. Analysis of Tat-speciﬁc immune responses after H1D/Tat i.m. immunization. Mice (n = 6) were immunized with H1D (30 g)/Tat (1 g) or with Tat (1 g)/alum at weeks
0 and 4 and sacriﬁced (n = 3) at week 5 (panels A–C) or boosted (n = 3) with Tat (1 g) and alum at week 8 and sacriﬁced at week 12 (panels D–F). (A, D) Analysis of Tat-induced
IFN-␥ and IL-4 secretion by Elispot. Responses were measured on fresh splenocytes. (B, E) Lymphoproliferative responses to Tat. Proliferative responses to increasing doses
of Tat protein were measured by 3 H-Thymidine incorporation. Results correspond to stimulation indexes. (C, F) Anti-Tat IgG titers. Antibody titers were measured by ELISA.
The results are expressed as the log10 of the endpoint titers of mice sera tested individually. The results were reproduced in two independent immunization experiments. The
results of one representative experiment are shown. Statistical analysis was carried out in comparison with the results with Tat/alum. *p < 0.05; **p < 0.01.

not statistically signiﬁcant (p > 0.05), although IL-4 responses were
stronger again after immunization with the nanospheres-based
vaccines (MA7/Tat and 2H1B/Tat) (Fig. 4A). In agreement with these
results, lymphoproliferation to increasing doses of Tat was higher
in mice immunized with MA7/Tat and 2H1B/Tat and comparable to
those elicited by vaccination with 10 g of Tat alone (Fig. 4B). Such
an increase was not observed in this assay in the H1D/Tat group.
Cellular immune responses were long-lived, as they were still
detected 7 weeks (week 10) after the last immunization in all groups
(Fig. 4C and D). In H1D/Tat, MA7/Tat and 2H1B/Tat vaccinees T
cell responses were stronger than those of mice immunized with

1 g of Tat alone, and comparable to those induced by vaccination with 10 g of Tat. Interestingly, at week 10 also CTL responses
were clearly detected, but only in the MA7/Tat and 2H1B/Tat mice
and in animals immunized with 10 g of Tat (Fig. 5), as opposite
to the results at week 4 when CTL responses were not detected in
any of the vaccinated groups (data not shown). Surprisingly, at any
time point after the last immunization, serum IgG and vaginal IgA
responses were detected only in few mice after vaccination with
10 g of Tat alone (IgG mean titers 1983 ± 1535; IgA 1–6%).
As a whole, these results indicate that 4 i.n. vaccinations with
microsphere- and, mostly, with nanosphere-based formulations

Author's personal copy
3610

A. Caputo et al. / Vaccine 27 (2009) 3605–3615

Fig. 2. Analysis of IFN-␥ and IL-4 secretion by Elispot on CD4-enriched (CD8-depleted) (panel A) and CD8-puriﬁed (panel B) T cell subpopulations. Animals (n = 3) were
primed i.m. with the H1D (30 g)/Tat (1 g) complexes or with Tat (1 g) and alum at weeks 0 and 4, boosted i.m. with Tat (1 g) and alum at week 8 and sacriﬁced at week
12. After in vitro restimulation, cytokine production was determined by Elispot. The results were reproduced in two independent immunization experiments. The results of
one representative experiment are shown. Statistical analysis was carried out in comparison with the results with Tat/alum. **p < 0.01.

Fig. 3. Analysis of Tat-speciﬁc immune responses after s.c. immunization with H1D/Tat. Mice (n = 6) were immunized with H1D (60 g)/Tat (10 g) or with Tat (10 g)/alum
at weeks 0 and 4 and sacriﬁced (n = 3) at week 5 (panels A–C) or boosted (n = 3) with Tat (10 g)/alum at week 8 and sacriﬁced at week 10 (panels D–F). (A and D) Analysis
of Tat-induced IFN-␥ and IL-4 secretion by Elispot. (B and E) CTL responses to Tat. CTL activity was determined, at various effector/target (E/T) ratios, by standard 51 Cr release
assays using syngenic P815 target cells pulsed with the VCF Tat peptide containing a Kd restricted Tat CTL epitope. The percentage (%) of speciﬁc lysis is reported. (C and F)
Anti-Tat IgG titers. Antibody titers were measured by ELISA. The results are expressed as the log10 of the endpoint titers of mice sera tested individually. The results were
conﬁrmed in two independent immunization experiments. The results of one representative experiment are shown. Statistical analysis was carried out in comparison with
the results with Tat/alum. **p < 0.01; ***p < 0.001.
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Fig. 4. Analysis of Tat-speciﬁc immune responses after i.n. immunization with H1D/Tat, MA7/Tat or 2H1B/Tat. Mice (n = 6) were immunized 4 times (1 week interval) with
1 g of Tat protein formulated with 30 g of H1D, MA7, or 2H1B particles, or with Tat alone (1 or 10 g) and sacriﬁced 1 week (n = 3) (panels A and B) and 7 weeks (n = 3)
(panels C and D) after the last immunization. (A and C) Analysis of Tat-induced IFN-␥ and IL-4 secretion by Elispot. (B and D) Lymphoproliferative responses to Tat. Proliferative
responses to increasing doses of Tat protein were measured by 3 H-Thymidine incorporation. Results correspond to stimulation indexes. Statistical analysis was carried out in
comparison with the results with Tat (1 g). *p < 0.05; **p < 0.01; ***p < 0.001.

Fig. 5. Analysis of Tat-speciﬁc CTL responses after i.n. immunization with H1D/Tat,
MA7/Tat or 2H1B/Tat. Mice were immunized as described in legend to Fig. 4 and sacriﬁced 7 weeks after the last immunization. CTL activity was determined, at various
effector/target (E/T) ratios, by standard 51 Cr release assays using syngenic P815 target cells pulsed with the VCF Tat peptide containing a Kd restricted Tat CTL epitope.
The percentage (%) of speciﬁc lysis is reported.

increased antigen-speciﬁc Th1-and Th2-type cellular responses
and CTLs but did not stimulate efﬁcient antibody responses in
serum and at mucosal sites.
Thereby, to determine whether i.n. immunization with these
Tat/particles formulations primes the humoral arm of the immune
system, in a different set of experiments mice were vaccinated i.n.
with the various vaccines, at weeks 0, 3 and 5, and boosted s.c. with
Tat/alum 3 weeks later (week 8). Control mice were immunized
i.n. with Tat alone (1 or 10 g). Immune responses were evaluated before (week 7) and after (weeks 9 and 18) the protein boost.
The protein boost promptly induced antigen-speciﬁc IgG responses,
which were present in few mice 1 week after the protein boost
(week 9) and in all vaccinees 10 weeks after the boost (week 18) at
high and comparable titers as in mice receiving Tat alone (p > 0.05)
(Fig. 6A–C). Accordingly, a pronounced increase of IL-4 responses
was observed (Fig. 7A–C). IgA responses in vaginal and lung lavages
were instead barely detectable in all groups, including mice immunized with 10 g of Tat, at any time point (before and after the
boost) (data not shown). These results indicate that i.n. immunization with microsphere- and nanosphere-based formulations prime
also the humoral arm of the immune system, as all immunized
animals developed high serum IgG titers after one protein boost.
After the protein boost, Tat-speciﬁc cellular responses generally increased at the systemic level (Fig. 7A–C and D–F). Notably,
strong cellular responses were observed mainly at mucosal sites in
all immunized animals (Fig. 7G–I). Again priming with the H1D/Tat,
MA7/Tat and 2H1B/Tat vaccines induced higher T cell responses,
especially in NALT (p < 0.001), than vaccination with Tat alone
(Fig. 7G–I).
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Fig. 6. Analysis of Tat-speciﬁc IgG responses after i.n. prime/s.c. boost with H1D/Tat, MA7/Tat or 2H1B/Tat and Tat/alum. Mice (n = 9) were immunized (weeks 0, 3 and 5) i.n.
with 1 g of Tat protein formulated with 30 g of H1D, MA7, or 2H1B particles, or with Tat alone (1 or 10 g) and sacriﬁced (n = 3) 2 weeks later (A). The remaining mice
were boosted s.c. with 1 g of Tat in alum at week 8 and sacriﬁced at week 9 (n = 3) (B) and at week 18 (n = 3) (C). Antibody titers were measured by ELISA. The results are
expressed as the log10 of the endpoint titers of mice sera tested individually. The results were conﬁrmed in two independent immunization experiments. The results of one
representative experiment are shown.

Altogether the results indicate that the presence of the nanoand microspheres in the vaccine formulations, given with an
i.n. prime/s.c. boost regimen, primed efﬁciently the cellular and
humoral arms of the immune system and increased the antigenspeciﬁc cellular responses also locally at the mucosal associated
lymphoid tissue.
3.4. Histological analysis
No speciﬁc signs of visible local or systemic adverse reactions
were ever reported during the experiments in mice inoculated i.m.,
s.c. or i.n. with the various vaccine formulations as compared to

mice immunized with Tat alone, with Tat/alum or untreated control mice. At sacriﬁce samples of cutis at the site of injection and
organs were collected for histological and immunohistochemical
examination. A total of 52 mice immunized i.m., 42 mice immunized s.c. and 75 mice immunized i.n were analyzed (Table 2). No
local reactions were reported after i.n. inoculation. No alterations
were detected in all organs examined in all immunization protocols.
A visible granuloma at the site of injection was observed few days
after injection only in mice injected with Tat/alum or alum alone by
the i.m. or s.c., whereas this type of visible inﬂammatory reaction
was never reported after injection of the Tat/particles formulations
alone. Histologically, a similar local reaction that could be related

Fig. 7. Analysis of Tat-speciﬁc cellular responses after i.n. prime/s.c. boost with H1D/Tat, MA7/Tat or 2H1B/Tat and Tat/alum. Mice (n = 9) were immunized (weeks 0, 3 and
5) i.n. with 1 g of Tat protein formulated with 30 g of H1D, MA7, or 2H1B particles, or with Tat alone (1 or 10 g) and sacriﬁced (n = 3) 2 weeks later (panels A, D, G). The
remaining mice were boosted s.c. with 1 g of Tat in alum at week 8 and sacriﬁced at week 9 (n = 3) (panels B, E, H) and at week 18 (n = 3) (panels C, F, I). (A–C) Analysis of
Tat-induced IFN-␥ and IL-4 secretion by Elispot. (D–F) Lymphoproliferative responses to Tat in mice splenocytes. Proliferative responses to increasing doses of Tat protein
were measured by 3 H-Thymidine incorporation. Results correspond to stimulation indexes. (G–I) Lymphoproliferative responses to Tat in NALT. Proliferative responses to
increasing doses of Tat protein were measured by 3 H-Thymidine incorporation. Results correspond to stimulation indexes. The results were conﬁrmed in two independent
immunization experiments. The results of one representative experiment are shown. Statistical analysis was carried out in comparison with the results of mice immunized
with Tat (1 g). *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 2
Mice with tissue lesions at the site of inoculationa .
Immunogen (dose)

Route of
inoculation

Mice with histological lesions at
the site of inoculation/total miceb

H1D/Tat (30 g/1 g)
H1D/Tat (60 g/10 g)
Tat/alum (1 g)
Alum
H1D/Tat (60 g/10 g)
Tat/alum (10 g)
Alum
H1D/Tat (30 g/1 g)
2H1B/Tat (30 g/1 g)
MA7/Tat (30 g/1 g)
Tat (1 g)
Tat (10 g)

i.m.
i.m.
i.m.
i.m.
s.c.
s.c.
s.c.
i.n.
i.n.
i.n.
i.n.
i.n.

7/16 (44%)
3/14 (21%)
8/11 (73%)
6/11 (55%)
9/14 (64%)
14/14 (100%)
11/14 (78%)
0/15 (0%)
0/15 (0%)
0/15 (0%)
0/15 (0%)
0/15 (0%)

a
BALB/c mice were inoculated i.m. or s.c. with the H1D/Tat protein formulations,
at weeks 0 and 4, and boosted with Tat/alum at week 8. Control mice were inoculated
i.m. or s.c. with the Tat protein alone in alum adjuvant, or with alum alone at weeks 0,
4 and 8. Alternatively, mice were immunized i.n. with H1D/Tat, 2H1B/Tat or MA7/Tat
at weeks 0, 3 and 5. Control mice were inoculated i.n. with the Tat protein alone.
All mice were sacriﬁced 2 weeks after the last immunization for histological and
immunohistochemical examinations of samples of cutis at the site of injection and
organs (as described in Section 2).
b
Histologically, a local reaction that could be related to immunogen injection
was reported only at the site of injection, after i.m. or s.c., in mice receiving the
Tat/particles formulations and one protein boost, Tat/alum or alum alone. No local
reactions were reported after i.n. inoculation. No alterations were detected in all
organs examined after i.m., s.c. or i.n. injection.

to immunogen injection was reported only after i.m. or s.c., at the
site of injection, either in mice receiving the Tat/particles formulations and one protein boost, Tat/alum or alum alone. In particular, a
histological local reaction was described in 10/30 (33%) mice inoculated i.m. with H1D/Tat (two inoculations and one protein boost),
in 8/11 (73%) inoculated with Tat/alum (three inoculations) and in
6/11 (55%) inoculated with alum alone (three inoculations). Similarly, after s.c. injection, a histological local reaction was described
in 9/14 (64%) mice receiving H1D/Tat (two inoculations and one protein boost), in 14/14 (100%) receiving Tat/alum (three inoculations)
and in 11/14 (78%) mice injected with alum alone (three inoculations) (Table 2). Tissue lesions were variable in size and extension;
however, they showed the same histologic and immunohistochemical characteristics in i.m or s.c. experimental groups. After i.m.
inoculation, lesions showed irregular widening of endomysial connective septa due to a dense and diffuse inﬁltration of inﬂammatory
cells surrounding the muscular cells. Inﬁltrative inﬂammatory cells
were predominantly macrophages with large and vacuolated cytoplasm and central nuclei. After s.c. immunization, lesions were
localized in the derma and subcutis, and were characterized by
a central necrotic core, consisting of amorphous material, nuclear
and squamous cell debris, surrounded by a layer of inﬂammatory
cells. The majority of these cells were macrophages with a minority
of neutrophil granulocytes. No ﬁbroblast proliferative reaction was
observed at the periphery of the lesions (data not shown). These
results indicate that these nano- and microspheres-based vaccines
are well-tolerated in vivo after systemic and mucosal inoculation,
in agreement with previous observations [34,35].
4. Discussion
The HIV-1 Tat protein was used as model antigen to assess the
immunogenic potential of this technology platform, as it is a vaccine relevant antigen already proven to be safe, immunogenic and
efﬁcacious in preclinical models [39,40,45–47]. In addition, the Tat
protein vaccine was recently shown to be safe and immunogenic in
phase I clinical trials following intradermal or subcutaneous inoculation, both in healthy seronegative and in seropositive individuals
[38,48] and, based on these results, phase II clinical trials have
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started in July 2008 in Italy [http://www.hiv1tat-vaccines.info/].
Moreover, the HIV-1 Tat protein is considered an optimal coantigen for anti-HIV/AIDS combined vaccine strategies employing
HIV structural genes [36,44,49–51]. Indeed, the Tat protein possesses very peculiar properties rendering it an interesting model
antigen to evaluate this technology platform, such as the fact that
Tat oxidizes very easily during handling, because of the presence of 7 cysteines in its sequence. Oxidation leads to rapid
loss of monomeric conformation and biological activity which are
essential for Tat immunogenic [39,40] and immunomodulatory
properties [36], and its capability of broadening in vivo the generation of CTL responses to a co-administered heterologous antigens
[44,49–51]. Thereby, special procedures are usually followed for
puriﬁcation, handling and storage of Tat to preserve its monomeric
form and fully biological activity [36–38].
Based on this knowledge and considering the possibility of simplifying the storage and transport of a Tat protein-based vaccine,
we have previously demonstrated in vitro that new surfactantfree anionic PMMA core–shell nano- and microspheres increase
the stability of the Tat protein, i.e. they interfer with Tat multimer
formation impeding oxidation caused by air, light and high temperature and preserving its biological activity [33–35]. However,
the safety and immunogenic potential of new vaccine formulations
based on these novel nano- and microspheres and Tat had still to
be systematically investigated in preclinical models.
The results presented here show that the described PMMAbased core–shell nano- and microspheres hold great promise
as protein vaccine delivery systems and effective adjuvants for
inducing antigen-speciﬁc humoral and cellular responses. In particular, we have selected for these studies the H1D microspheres
(1.99 m ± 0.17) and two samples of nanospheres, namely MA7
(0.22 m ± 0.008) and 2H1B (0.63 m ± 0.06). The selection was
based on their previously characterized physico-chemical properties, including small and homogeneous size, high surface loading
capability of native proteins and preservation of Tat biological activity, reproducibility, and in vitro and in vivo lack of toxicity ([33–35],
and unpublished results).
The results here reported indicate that the H1D/Tat vaccine formulation given i.m. and s.c. is well-tolerated in mice
(Table 2), increases the cellular responses, including CTLs, against
Tat (Figs. 1–3) and primes very efﬁciently the humoral arm of
the immune system, as IgG titers were readily detected after 2
immunizations with the H1D/Tat formulation and, after one protein
boost, they reached high levels comparable to those detected in animals immunized 3 times with Tat and alum, an adjuvant known to
induce high antibody titers (Figs. 1 and 3). The results are in agreement with previous data showing that formulations composed of
MA7 nanospheres and Tat, given i.m., increase the antigen-speciﬁc
cellular immunity, with a prevalence of Th1-type responses, and
promote an efﬁcient priming of the humoral arm [35]. Additionally, the results are in agreement with the work described by others
showing that vaccines based on Tat adsorbed on the surface of
anionic wax nanoparticles developed increased Th1-type cellular immune responses as compared to Tat/alum vaccination [17]
and levels of anti-Tat IgG titers similar to those elicited by vaccination with Tat/alum [17,52]. Similarly, Guillon and co-workers
[53] demonstrated that immunization of rabbits with wild-type
Tat adsorbed onto anionic PLA nanoparticles induced high titers
of anti-Tat IgG antibodies in a fashion similar to Tat in combination
with the MF59 adjuvant, both in serum and faeces. However, the
effect of the Tat/PLA vaccine on cellular immunity was not reported
in this study. With respect to the H1D/Tat formulation, we wish
to highlight that, based on the results here reported, this vaccine
has already proceeded to further preclinical testing in monkeys for
safety, immunogenicity and efﬁcacy and that the results conﬁrm
the promising features of these particles as vaccine delivery system
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[Ensoli et al., manuscript in preparation]. In addition, an appropriate selection of experimental parameters allowed the semi-pilot
scale preparation of H1D microspheres which was shown to be
easy, inexpensive and highly reproducible in terms of microsphere
size, surface functionality and biological behaviour [Sparnacci et
al., manuscript in preparation]. Moreover, the puriﬁcation procedure allowed the preparation of microspheres to be used in vivo
in agreement with the EMEA guidelines (ICH topic Q3C), which are
endotoxin-free, thus achieving important tasks in view of a future
clinical development of this technology.
Another interesting results of this study is the observation that
the presence of the nano- and microspheres in the vaccine formulations is well-tolerated also by the i.n route of inoculation (Table 2),
which indeed primed efﬁciently the cellular (Figs. 4, 5 and 7)
and humoral (Fig. 6) arms of the immune system. A potent effect
was observed on antigen-speciﬁc cellular responses, in particular
with the nanospheres-based formulations, implying that the particle’s size has important consequence on induced speciﬁc-immunity
(Figs. 4, 5 and 7). The factors that regulate the adjuvant effects
are under investigation, and at least in part they may be due to
a greater capability of the smallest particles to be taken up by the
antigen presenting cells [Castaldello et al., manuscript in preparation] and to their higher surface area/gram and loading ability
(Table 1) that may allow a more prolonged depot effect. After i.n.
immunization, IgG titers were detected only after one protein boost
(Fig. 6). Notably, few weeks after the boost, they reached levels
similar (2H1B/Tat) or even higher (H1D/Tat, MA7/Tat) than those
detected in animals immunized with the same dose of Tat alone
(Fig. 6). To our surprise, H1D/Tat, MA7/Tat and 2H1B/Tat vaccination and the schedules of immunizations here described induced
barely detectable Tat speciﬁc antibodies in lung and vaginal ﬂuids,
before and after the protein boost. A possible explanation may be
that the dose of 1 g of Tat used in these experiments is too low
to induce mucosal antibody responses at detectable levels, even
if Tat is delivered by the particles. This is suggested by the observation that mucosal antibodies were detected at variable degree
only in few mice vaccinated with 10 g of Tat alone (as reported
in Section 3), which is in agreement with previously described
results [52,54–56]. As an efﬁcacious vaccine against HIV-1 should
evoke both humoral and cellular immunity, especially production
of IgA and IgG antibodies on the mucous membranes, modiﬁcation of the nanoparticles and protocol of immunization are under
investigation. Nevertheless, locally at mucosal associated lymphoid
tissue, strong and long-lasting cellular responses, which represent
also an important component of the local immunity, were induced
by the nano- and microspheres formulations at levels signiﬁcantly
greater than those elicited by a ten-fold higher dose of Tat alone
(Fig. 7), and these responses became even stronger after the protein
boost.
In conclusion, the present work demonstrates the ability of
Tat-carrying PMMA-based functional nano- and microspheres to
be safe and induce robust and long-lasting cellular and humoral
responses in mice after systemic and/or mucosal immunization.
Several advantages characterize these delivery systems, as earlier
underscored [31–35]. They are inexpensive and easy to produce on
large-scale under GLP/GMP conditions, can be stored lyophilized or
in aqueous solution at room temperature, are easy to transport, safe
and not immunogenic. The functional groups are tightly bound to
the particle surface, thus limiting the effects of physical desorption
of stabilizing and adsorbing agents, as generally reported in the literature and recently reviewed [57]. The synthetic procedure allows
the large-scale preparation of reproducible, stable and homogeneous particle batches, and a wide modulation of the outer shell,
so that speciﬁc and reversible adsorption of antigens with varying hydrophobicity, molecular weight, and isoelectric point can be
envisaged. Formation of the complexes is easy and fast, since they

spontaneously assemble in aqueous solution after incubation of the
two components for 1–2 h, and no puriﬁcation steps are required.
They protect the antigen from enzymatic degradation, and preserve
its native conformation and biological activity. Hence, these delivery vectors may have great potential as antigen carrier not only for
novel Tat protein-based vaccines against HIV-1 but also for other
infectious diseases agents.
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