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Synthetic parasites: a successful mucosal
nanoparticle vaccine against Toxoplasma
congenital infection in mice
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Aim: Development of protein vaccine to prevent congenital infection is a major public health
priority. Our goal is the design of mucosal synthetic pathogen inducing protective immune
responses against congenital toxoplasmosis. Materials & methods: Mice were immunized
intranasally, establishing pregnancy and challenging orally. Placental immune response,
congenital infection, pup growth, parasitic load rates were studied. Results: Pups born to
vaccinated infected dams had significantly fewer brain cysts, no intraocular inflammation
and normal growth. Protection was associated with a placental cellular Th1 response
downregulated by IL-6 and correlated with persistence of vaccine for few hours in the
nose before being totally eliminated. Conclusion: Our vaccine conferred high protection
against congenital toxoplasmosis. These results provide support for future studies of other
congenital vaccine.
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Background

There is pressing need to develop effective vaccines against intracellular pathogens [1]. Moreover,
congenital infectious diseases (malaria, trypanosomiasis, cytomegalovirus infection, pertus-
sis, toxoplasmosis...) are a leading worldwide cause of morbidity and mortality in neonates [2].
Development of a vaccine focused on protecting fetuses and newborns from the sequel of con-
genital infections is, therefore, a major public health priority as identified by the National Vaccine
Program Office and the Institute of Medicine [3]. Among congenital infections, toxoplasmosis due
to the intracellular protozoan Toxoplasma gondii is considered as one of the five neglected para-
sitic infections targeted by Center of Disease Control (CDC) for public health action [4]. Indeed,
T. gondii infection during pregnancy can result in spontaneous abortion, fetal or neonatal death
and severe defects, such as hydrocephalus, chorioretinitis, blindness and mental retardation in
newborns [5,6]. Congenital toxoplasmosis is also a serious cause of abortion and neonatal mortality
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in sheep and goats [7.8]. If there is evidence that
maternal treatment reduces partially the risk
of fetal infection due to an early diagnosis,
vaccination remains the safest way of protect-
ing fetuses against Toxoplasma infection [9,10].
However, as primary 7. gondii infection leads
to an immune response that confers lifelong
protection against reinfection and congenital
transmission, it should be possible to develop
effective vaccine against this disease. A strain
known as Micl.3KO — derived from the highly
virulent type I RH strain — was obtained in
our laboratory by deleting the MICI and MIC3
genes [11]. This live vaccine protects totally preg-
nant sheep against toxoplasmosis and represents
an attractive veterinary vaccine [12]. However, in
human medicine, people who have damaged or
weakened immune systems cannot safely receive
this live vaccine. For this reason, we investi-
gated research toward a protein vaccine which
is extremely safe and devoid of side effects.

In recent years, nanoparticles have been
increasingly studied for use in vaccine appli-
cation [13,14]. Moreover, mucosal immuniza-
tion using nanoparticles is of special interest to
improve delivery of subunit vaccine through the
epithelium, to enhance antigen immunogenicity
and to offer the possibility of needle-free vac-
cinations [15]. Recently, we developed a parasite-
mimicking nanoparticle-based vaccine platform
against toxoplasmosis [16]. Our platform consists
of maltodextrin/phospholipid nanoparticles able
to deliver all parasite antigens within mucosa
and to induce specific humoral and Th1/Th17
cellular immune responses. Vaccination led to
100% survival of mice with acute toxoplasmosis
and significant reduction in the number of brain
cysts of mice with chronic toxoplasmosis [16].
Due to a lack of knowledge on maternal immune
responses required for avoiding congenital trans-
mission of 7. gondii, protection against acute and
chronic toxoplasmosis does not predict vaccine
efficiency against congenital toxoplasmosis. The
aim of this work was to evaluate the efficacy of
our vaccine platform to protect fetuses against
congenital toxoplasmosis. Moreover, the biodis-
tribution of nanoparticles after their adminis-
tration was evaluated and the safety issue was
discussed.

Methods
¢ Mice
Eight-week-old male and female inbred CBA/J]

mice and female outbred Swiss mice were
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purchased from CER Janvier (Le Genest Saint
Isle, France) and maintained under pathogen-
free conditions in the animal house of the
University of Tours. Experiments were carried
out in accordance with the guideline for ani-
mal experimentation (EU Directive 2010/63/
EU) and the protocol was approved by the local
ethics committee (CEEA VdL). As efficiency
of nanoparticle vaccine was evaluated in acute
and chronic forms of toxoplasmosis with CBA/]
mice, these mice were also used in congenital
toxoplasmosis [16]. Moreover, they represent
a pertinent model because of the low rate of
placental parasite transmission as in humans
and CBA/] pups born from infected dams
have a detectable parasite brain load allowing
evaluating the vaccine efficacy. Concerning
Di-palmitoyl phosphatidyl glycerol-loaded
nanoparticles (DGNP) labeling and 77 vivo bio-
distribution study Swiss mice were used because
of a better spectral absorbance due to their white
pigmentation.

¢ DGNP labeling & in vivo biodistribution
study in mice

DGNPs made of a reticulated maltodextrin
matrix with a lipidic core, were prepared as pre-
viously described 17]. DiD (Lex: 648 nm, Aex:
665 nm, stock solution at 1 mg/ml in ethanol)
was prepared at 35 pg/ml free in phosphate-
buffered saline or incorporated into DGNP at
5 mg/ml (DiD loading was confirmed by gel fil-
tration analysis using PD10 Sephadex columns,
data not shown). The fluorescence was ana-
lyzed on a Fluoroskan® Ascent (ThermoFisher
Scientific) in 100 pl of each preparation.

Nonanesthetized Swiss mice were adminis-
tered with 20 pl of DGNP/DiD by nasal instil-
lation, while negative control mice received 20 pl
of free DiD. Mice were imaged at 15 and 30 min,
1, 2, 4, 6, 24, 48 and 72 h following instilla-
tion using an intensified charged coupled device
camera of the /7 vivo Imaging System IVIS®
Spectrum (PerkinElmer, MA, USA). Data were
analyzed using Living Image® 4.3.1 software,
and expressed as fluorescent units. The DGNP/
DiD were represented in a color scale from vio-
let (low fluorescence intensity) to yellow (strong
fluorescence intensity).

Mice were sacrificed after 2, 4, 6 and 24 h, and
nasal cavities, salivary glands, lung, spleen, liver,
stomach, intestines and mesenteric lymph nodes
were imaged ex vivo under the same conditions
as the anesthetized animals.

future science group
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¢ Preparation of vaccine formulation

Total antigen extract (TE) of T. gondii was
obtained as previously described from RH
strain (type 1) grown in human foreskin fibro-
blasts [18]. DGNP/TE association was obtained
by simple mixing of DGNP with TE as already
described [16]. This association is due to electro-
static interactions of antigens with the cationic
polysaccharide core of DGNP and/or with ani-
onic DPPG, but hydrophobic interactions with
phospholipids may also occur. A formulation of
DGNP/TE 5:1 (w/w) was made by mixing 50 pg
of DGNP with 10 pg of ice-cold TE. Prior to
formulation, TE antigens were disaggregated by
the addition of Empigen BB detergent (0.5% v/v)
followed by three rounds of 1-min sonication.

¢ Immunization

Females CBA/] mice (n = 15) received at 2 week
intervals two intranasal doses of 50 ug DGNP,
10 pg TE or the DGNP/TE formulation (50 pg
DGNP/10 ug TE). Each mouse received 6 pl
per nostril. Nonimmunized mice served as con-
trols: noninfected pregnant (NIP) or infected
pregnant (IP). Three independent experiments
have been done.

¢ Mating & challenge

Two months after the second immunization, the
female CBA/] mice were allowed to mate for
7 days following the synchronization of estrus
cycle. Day 1 of the gestation (G1) was estab-
lished by the detection of a mucous plug. The
mice were orally challenged at mid-gestation
(Gl11) with 15 cysts of a type 2 strain of 7. gon-
dii (76K strain maintained in CBA/J mice [19]).
This low dose of infection was chosen to avoid
abortion and to maintain gestation to term in
order to observe the clinical development of
illness in newborns.

¢ Evaluation of protection against
congenital toxoplasmosis

Protection against congenital infection was eval-
uated at G17 on fetuses delivered by transabdom-
inal incision of five pregnant females. Parasites
were detected in fetal tissues by real-time PCR
and local immune response was evaluated by
cytokine secretion in placentas.

e Parasite detection in fetuses by real-time
PCR

DNA extraction was realized with the kit
Genomic DNA from Tissue (Macherey-Nagel,
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Germany). Real time PCR was performed on
1 pg of total DNA in a total volume of 25 pl
containing Platinium® Quantitative PCR
Super Mix-UDG (Uracil-DNA glycosylase)
(Invitrogen, USA), 4 mM MgClz, 0.5 uM of
each primer specific for the 785 IDNA gene of
T gondii TG III (5'-CCT TGG CCG ATA
GGT CTA GG-3'); TG IIb (5'-GGC ATT
CCT CGT TGA AGA TT-3'), and 180 nM of
the probe 5-TGC AAT AAT CTA TCC CCA
TCA CGA TGC ATA CTC AC-3' modified
with 5-FAM and 3-TAMRA as reporter and
quencher, respectively [20]. After initial UDG
incubation for 2 min at 50°C and denaturation
for 5 min at 95°C, the two-step amplification
conditions were 50 cycles of 20 s at 95°C and
60 s at 65°C with the Light Cycler® 480 Real-
Time PCR System (Roche Applied Science,
Germany). A standard curve for parasite number
equivalence was generated in parallel.

¢ Placental cytokine assay

Half placental tissues were homogenized in 0.4 ml
of lysis buffer (Tris 50 mM, NaCl 150 mM,
Nonidet P-40 1%, pH 8) by using Gentle Macs
(Miltenyi Biotech, Germany). After centrifuga-
tion at 13,000 x g for 10 min, cell-free super-
natants were harvested for determining levels of
IFN-y, IL-17, IL-10, IL-2, IL-4, IL-6, TNF-a
and TGF-B1 cytokines by using ELISA method.

¢ Evaluation of protection against chronic
toxoplasmosis

Protection against chronic toxoplasmosis was
evaluated after natural delivery in offspring and
in dams. Offspring were weighed 2 weeks after
birth. Offspring were sacrificed at the age of
8 weeks. The eyes were harvested and hydrated
with sterile water. Inflammatory changes were
observed in anterior and posterior segments by
using a binocular magnifying lens. The patho-
logical changes were scored on a scale from 0 to
4 [21]. Brain was homogenized in 5 ml of Roswell
Park Memorial Institute (RPMI) medium with a
pestle and a mortar. The mean number of cysts
per brain was determined by counting eight sam-
ples (10 pl each) of each homogenate under a
microscope. Cysts were also counted in the brain
of dams 2 months after infection.

e Statistical analysis

Kruskal-Wallis test was used to determine the
significance of variations between groups with
GraphPad Prism software.
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Results

¢ DGNP labeling & in vivo biodistribution
study in mice

DiD is a well-known fluorophore that emits
fluorescence when it is associated to lipid mem-
brane. In order to discriminate the fluorescence
observed 77 vivo, free and DGNP-loaded DiD
was analyzed. Free DiD showed a fluorescence
intensity of 0.51 fluorescence unit (F.U.). When
filtered, insoluble DiD was removed and fluores-
cence decreased close to background (0.27 F.U.).
When DiD is loaded into DGNP, the fluores-
cence drastically increased (16.4 F.U. means
x32) and filtration did not evidence free DiD
(15.9 F.U.). These results indicate that free DiD
does not fluoresce in solution and that DiD fluo-
rescence observed is restricted to DGNP loading
(Figure 1).

In vivo experiments were carried out in order
to follow the biodistribution of DGNP in ani-
mals. DGNP/DiD were administered nasally
in nonanesthetized mice and the animals were
imaged during 72 h. As shown in Figure 2A,
DGNP/DiD were present after 15 min in the
nose where they remained for 6 h, were thereafter
found to undergo rapid transport into the gastro-
intestinal tract, and were totally eliminated via
feces. As expected, no signal was observed when
free DiD was administered as control.

As shown in Figure 2B, ex vivo imaging
of organs autopsied at 2, 4, 6 and 24 h after
administration confirmed iz vivo experiments
and showed a progressive elimination of DGNP/
DiD via the digestive tract; no other organs were
labeled.

These results demonstrated the presence of
DGNP/DiD in the nose after 6 h, emphasiz-
ing the long residence time of the DGNP/DiD
in the nasal cavity. On the other hand, 24 h
after the administration, the DGNP/DiD pres-
ence was not revealed in tissues other than the
digestive tract, suggesting that DGNP/DiD are
rapidly eliminated gastrointestinally.

¢ Impact of vaccination &/or infection

on fertility/prolificacy rates & embryo
resorption

Pregnant mice immunized by the nasal route
with DGNP, TE or DGNP/TE were orally
infected with 15 cysts of 76K T. gondii strain
on Gl11. The groups of NIP and IP served as
nonimmunized controls. The effect of vaccina-
tion and/or infection with a low dose of cysts on
pregnancy was studied by determining fertilicy

Future Microbiol. (2017) 12(5)
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Figure 1. Fluorescence of free DiD or Di-
palmitoyl phosphatidyl glycerol-loaded
nanoparticles/DiD. Same doses of free DiD or
DGNP/DiD were analyzed by spectrofluorimetry
before and after 0.22 um filtration. Results are
expressed as mean + SD.

DGNP: Di-palmitoyl phosphatidyl glycerol-
loaded nanoparticle.

and prolificacy rates as embryo resorption. The
experimental results are shown in Table 1.

First, we observed that vaccination does not
impair fertility in mice as the number of preg-
nant females was quite similar in each group of
mice. The prolificacy of mice (mean number
of offspring per litter) and the number of fetal
resorptions per litter were also quite similar, what-
ever the group of mice examined. These results
showed that vaccination and infection with a low
dose of cysts had no impact on these parameters.

¢ Evaluation of protection against
congenital toxoplasmosis

Regarding vertical transmission, the presence
of T. gondii parasites was assessed in all the
fetuses. As shown in Figure 3, parasite load was
significantly lower in fetuses from DGNP/TE
immunized mice (37 + 11) compared with the
other groups (262 + 27 for fetuses of IP group,
223 + 45 for fetuses of DGNP group and
191 + 46 for fetuses of TE group; p < 0.0001
Kruskal-Wallis), whereas only a slight decrease
in parasite load is observed in fetuses of the
TE group compared with fetuses from IP
(p < 0.05 Kruskal-Wallis). Immunization with
DGNP/TE therefore greatly reduced vertical
transmission of 7. gondii parasite.

¢ Placental cellularimmune response

It is well known that the placenta plays a key
role in the pathogenesis of congenital infections,

future science group
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Figure 2. In vivo and ex vivo imaging of Di-palmitoyl phosphatidyl glycerol-loaded nanoparticles/DiD. (A) Mice were administered

nasally with 12 ul of DiD alone (control) or 12 pl of DGNP/DiD and imaged using the IVIS Spectrum imager (PerkinElmer, MA USA).
Fluorescence intensities of DGNP/DiD were represented from purple (low) to yellow (high). Whole body fluorescence imaging of the

mice at 15 and 30 min, 1, 2, 4, 6, 24, 48 and 72 h following administration (dorsal left and ventral right). Ex vivo imaging of organs from
the mouse autopsied at 2, 4, 6 and 24 h after instillation (B).
DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle.

however the factors controlling this process are
not completely understood. To investigate the
effect of vaccination on the placenta immune
response, we measured the levels of placental
selected cytokines (Thl cytokines: IFN-y and
TNEF-o, Th2 cytokine: IL-4, Treg cytokines:
TGEF- and IL-10, Th17 cytokine: IL-17A, and
anti-inflammatory cytokine: I1L-6) on GI17.
IL-4, TNF-a and IL-17A were not detectable
in placental samples. No significant difference

future science group

(p = 0.056 Kruskal-Wallis) in production of pla-
cental TGF-f3 was observed between the groups
of mice (as shown in Figure 4A).

IFN-y was not found in placentas of NIP
(Figure 4B). Specific and high production of
IFN-y, known to be harmful for pregnancy and
to facilitate parasite transmission to the fetus [22],
was observed in placentas of IP and DGNP-
immunized dams. Very low levels of IFN-y were
measured in placentas from TE and DGNP/TE

www.futuremedicine.com
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Figure 2. In vivo and ex vivo imaging of Di-palmitoyl phosphatidyl glycerol-loaded nanoparticles/
DiD (cont.). (B) Ex vivo imaging of organs from the mouse autopsied at 2, 4, 6 and 24 h after

instillation.

DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle.

groups in comparison with the control groups
(p < 0.0001 Kruskal-Wallis).

Additionally, low levels of IL-6 (Figure 4C)
were quantified in the placentas of nonin-
fected mice and of all groups of infected mice
except those immunized with DGNP/TE (p
= 0.025 Kruskal-Wallis). These results sug-
gest that immunization with DGNP/TE
induces IL-6 that could play a critical role
in the barrier defense against the parasite
infection. In addition, placentas of DGNP/
TE-immunized mice secreted high levels of
IL-10 but in the same extent than placentas
of TE-immunized mice and NIP (Figure 4D:
p < 0.0001 Kruskal-Wallis).

Future Microbiol. (2017) 12(5)

This shows that vaccination with DGNP/
TE both reduces proinflammatory and increases
anti-inflammatory placental cytokine levels,
facilitating the maintenance of gestation.

¢ Evaluation of protection against chronic
toxoplasmosis in offspring & dams

To evaluate vaccine efficacy in protecting neo-
nates against abnormal growth due to 7. gondii
infection, we first calculated the average weight
of each litter at 7, 14 and 21 days. On the 14th
day after birth, the mean weight of the offspring
born from mice vaccinated with DGNP/TE was
significantly higher (6.58 + 0.17 g) than those
from mice of the IP, DGNP and TE groups

future science group
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Table 1. Impact of vaccination and/or infection on fertility/prolificacy rates and embryo

resorption.

IP DGNP TE DGNP/TE NIP
Number of litters/total number of females 70 60 60 60 80
Mean of pups/litter 4 3 3 33 4.7
Fetal resorption (%) 22 27 39 16 29
DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle; IP: Infected pregnant; NIP: Noninfected pregnant; TE: Total antigen
extract.

(4.78 £ 0.12 g, 5.41 + 0.08 gand 5.45 + 0.09 g,
respectively; *** p < 0.0001 Kruskal-Wallis)
(Figure 5A). The weight loss came with clinical
signs compatible with toxoplasmosis including
rough hair coats, reluctance to move and signs
of nerve damage (not shown). Noteworthy, there
was no significant difference in weight of off-
spring from NIP mice (6.62 + 0.3 g) and from
mice vaccinated with DGNP/TE.

One of the most common findings in con-
genital toxoplasmosis is retinochoroiditis, an
ophthalmologic manifestation of the disease.
To evaluate the protective effect of vaccination
against ocular toxoplasmosis, determination of
ophthalmologic clinical signs was performed
under a binocular magnifying glass on each eye
of each mouse 8 weeks after birth.

As shown in Figure 5C, inflammation in the eye
tissues of mice from DGNDP- and TE-immunized
mice was significantly more severe than in those
of infected mice vaccinated with DGNP/TE. In
almost all cases, eyes from the DGNP/TE group
did not develop ocular lesions (only 7% of ocular
inflammation), whereas the percentage of lesions
in the other groups was dramatically higher (56%
for TE, 42% for DGNP and 60% for IP groups)
with concomitant secondary cataracts (34, 24
and 37%, respectively), severe vitreous and/or
dilatation of iris vessels and/or conjunctiva-sclera
(22, 18 or 23%, respectively) (Figure 5D). Based on
the mean score of ocular pathology, we observed
an important decrease in ocular pathological
score in the animals born to dams vaccinated
with DGNP/TE (mean score = 0.28) in com-
parison with those within the other groups (mean
score = 1.8 for TE and 1.3 for DGNP) (data not
shown). Thus, vaccination with DGNP/TE
protected against ocular toxoplasmosis resulting
from congenital infection.

To further evaluate the capacity of the
DGNP/TE vaccine to protect against chronic
toxoplasmosis, parasite burden was studied in
brain tissue of offspring and dams 2 months
after delivery.

future science group

The mean number of cerebral cysts diminished
significantly (corresponding to a 55% decrease)
in the offspring born to the dams vaccinated with
DGNP/TE (60 + 8 cysts per brain) in compari-
son with those from the other groups (133 + 28
for IP, 98 + 13 for DGNP and 86 + 21 for TE
groups; *p = 0.03 Kruskal-Wallis) (Figure 6A).

Moreover, infected dams of IP, DGNP and
TE groups had similarly high cerebral cyst loads
(842 + 480, 950 + 320 and 850 = 305 cysts per
brain, respectively), while DGNP/TE dams had

significantly less cerebral cysts in brain tissue

p <0.0001 «

300
9 T
3 1
o 200
©
&
=
'g 100
5
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T T
IP DGNP TE DGNP/TE

Figure 3. Parasite load in fetus. Parasite

load was determined by real-time PCR in

fetuses from nonimmunized mice (IP) or from
mice immunized by the nasal route with
nanoparticles (DGNP), total antigen extract (TE)
or the vaccine formulation (DGNP/TE) and orally
infected with 15 cysts of 76K T. gondii strain on
day 11 of the gestation. Parasite load in fetus was
evaluated at the 17th day of gestation (G17). Data
are representative results of two independent
experiments (n = 6/group) and are expressed

as the mean of number of parasites multiplied
by 102/0.1 mg of fetal DNA + SD (Kruskal-Wallis
*p < 0.05; ****p < 0.0001).

DGNP: Di-palmitoyl phosphatidyl glycerol-
loaded nanoparticles; IP: Infected pregnant;

NIP: Noninfected pregnant; TE: Total antigen
extract.
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Figure 4. Placental cellularimmune response. Placentas were collected on G17 from nonimmunized mice (IP), mice immunized by the
nasal route with nanoparticles (DGNP), TE or the vaccine formulation (DGNP/TE) and orally infected with 15 cysts of 76K T. gondii strain
on day 11 of the gestation, or nonimmunized, noninfected mice (NIP). TGF-f (A), IFN-y (B), IL-6 (C) and IL-10 (D) cytokines were measured
by ELISA from placental tissues. Data are representative results of two independent experiments (n = 5/group) and are expressed as the
mean/placenta + SD (Kruskal-Wallis *p < 0.05; **p < 0.01; ***p < 0.001).
DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle; IP: Infected pregnant; NIP: Noninfected pregnant; TE: Total antigen

extract.
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(407 = 157), corresponding to a 55% decrease
in cysts in comparison with dams immunized
with DGNP or TE. This difference was signifi-
cant with a p-value = 0.009 (Kruskal-Wallis)
(Figure 6B).

Results showed the potential of DGNP/
TE vaccine after intranasal delivery to reduce
the development of tissue cysts in neonates
born to vaccinated mice and in dams. Taken
together, these results show that DGNP/TE is
a powerful vaccine candidate against congenital
toxoplasmosis.

Discussion

Development of vaccines to prevent congeni-
tal infections is a major public health priority.
Toxoplasma gondii is best known as a cause of
congenital disease, which can occur when a
woman is primarily infected during pregnancy.
While many vaccine candidates induce protective

Future Microbiol. (2017) 12(5)

immunity against acute and/or chronic 7. gondii
infection in animals, a few of them were tested
against congenital infection and/or proved their
efficacy for the prevention of abortion. Indeed, a
number of vaccine candidates including surface
antigen (SAG), rhoptries (ROP), micronemes
(MIC) and dense granules were evaluated over
the years with respect to their induction of a pro-
tective immune response against chronic and/or
congenital toxoplasmosis [23-29]. However, only
partial protection was achieved in these studies,
providing evidence of the efficacy of a multiple
antigen vaccine for the induction of a protec-
tive immune response against congenital toxo-
plasmosis. In this sense few vaccine candidates
formulated with the whole parasite or total pro-
teins were tested with promising results against
chronic infection but none has been tested and/
or proved efficacy against congenital infec-
tion [30-32]. This supports the importance of

future science group
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Figure 5. Growth and ocular inflammation in offspring. Analysis of the weight of 2-week-old offspring from nonimmunized mice
(IP), mice immunized by the nasal route with nanoparticles (DGNP), TE or the vaccine formulation (DGNP/TE) and orally infected with
15 cysts of 76K T. gondii strain on day 11 of the gestation, or nonimmunized, noninfected mice (NIP). Data are representative results of
two independent experiments and are expressed as the mean + SD (Kruskal-Wallis p < 0.0001; ***p < 0.001) (A). Image of 8-week-old
offspring from infected mice nasally vaccinated with DGNP/TE (left) or with DGNP (right) (B).

(C & D) Ophthalmologic clinical signs in offspring at 8 weeks of age from nonimmunized mice (IP), mice immunized by the nasal route
with nanoparticles (DGNP), total antigen extract (TE) or the vaccine formulation (DGNP/TE) and orally infected with 15 cysts of 76K

T. gondii strain on day 11 of the gestation, or nonimmunized, noninfected mice (NIP). The determination of ophthalmologic clinical signs
was performed under loupe on each eye of each mouse. Nuclear cataract (opacification of the lens nucleus) in eye of offspring from
DGNP-immunized mouse (left) and from TE-immunized mouse (middle); normal lens in eye of offspring from DGNP/TE-immunized
mouse (right) (C). Proportion of ocular inflammation scores: 0: noninflammatory signal; 1: Tyndall in the anterior chamber or modest
vitreous; 2: Tyndall in the anterior chamber or severe vitreous and/or dilatation of iris vessels and/or conjunctiva-sclera (cataract in the
posterior capsule); 3: cornea troubles and precipitate retrocornea and/or hyalite very severe; 4: secondary cataract (D).

DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle; IP: Infected pregnant; NIP: Noninfected pregnant; TE: Total antigen
extract.

future science group www.futuremedicine.com 401



RESEARCH ARTICLE Ducournau, Nguyen, Carpentier et al.

402

adjuvants and carriers for enhancing induction
of protective immunity.

Immunity of pregnant mice highly dif-
fers from nonpregnant animals. However,
the immune response induced by primary
Toxoplasma infection confers lifelong protec-
tion against congenital toxoplasmosis suggesting
that it is possible to develop a safe and effective
vaccine.

In an attempt to protect both fetus and mother
from congenital infection, pertinent vaccination
strategies have to be explored to find the most
immunogenic Toxoplasma gondii antigen(s),
optimal carriers and adjuvants, as well as the
best immunization route.

Over the past decade nanospheres have
received attention as potential delivery vehicles
for vaccine antigens that can also act as adju-
vants and modulate the immune response to the
antigens. Their properties also make them suit-
able for the delivery of antigens at mucosal sur-
faces. Recently, the use of porous nanoparticles
as nasal delivery systems for antigens has been
shown to protect mice from acute and chronic
infection against 7. gondii 16).

These encouraging results led us to test their
efficacy in congenital toxoplasmosis. It is impor-
tant to have a model that resembles the human
infection as closely as possible regarding vertical
transmission and fetal damage. If many animal
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models (thesus monkey, rate, sheep...) have been
used to test efficacy of vaccine against 7. gondii,
mouse is the most frequently studied experimen-
tal model of congenital toxoplasmosis. Histology
of human and rodent placentas is very similar
and the mouse is the most frequently studied
experimental model of congenital toxoplasmo-
sis [33]. Roberts and Alexander demonstrated
that mice chronically infected before preg-
nancy developed immunity capable of totally
protecting their embryos after reinfection dur-
ing pregnancy and concluded that mouse can be
used as a model of human or ovine congenital
1. gondii infection suitable for testing putative
vaccines [34].

Administered intranasally DGNP/TE is a
potent, effective and successful vaccine against
congenital toxoplasmosis in mice. During
gestation, on day G17, fetuses from DGNP/
TE-vaccinated mice were significantly less
infected than other infected groups with a
reduction of parasitemia of up to 86%. All
offspring born to vaccinated dams had nor-
mal weight growth, presented a significantly
lower ocular pathological score, and signifi-
cantly fewer cysts in their brains than offspring
born to other groups of mice. This protection
was associated with production of IL-6 and a
reduced secretion of IFN-y by placental tis-
sue, suggesting that a protective Thl immune
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Figure 6. Cyst load in brain of offspring and dams. Mice were nonimmunized mice (IP) or
immunized by the nasal route with nanoparticles only (DGNP), Toxoplasma proteins extract only

(TE) or the nanoparticle vaccine formulation (DGNP/TE) and then orally infected with 15 cysts of 76K
T. gondii strain on day 11 of the gestation. Cysts were counted in brain tissue of offspring 2 months
after birth (A) and of dams 2 months after infection (B). Data are representative results of two
independent experiments and are expressed as the mean + SD (Kruskal-Wallis, respectively, p = 0.03

and p =0.009; *p < 0.05; **p < 0.01).

DGNP: Di-palmitoyl phosphatidyl glycerol-loaded nanoparticle; IP: Infected pregnant;
NIP: Noninfected pregnant; TE: Total antigen extract.
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response induced by vaccination observed in
a previous study is equilibrated during preg-
nancy [35]. Indeed during initial and chronic
infection, 7 gondii induces a strongly polarized
Th1 response that is highly effective in host
protection. During pregnancy, an early Thl-
type inflammatory environment is also essen-
tial for successful implantation and control of
infectious diseases. However, this Thl immune
response may be a cause of immune-mediated
failure of pregnancy, so a delicate balance of
the Th1/Th2 T-cell cytokines is necessary
to simultaneously maintain pregnancy and
resistance to the parasite. This suggests that
abortion may be induced directly by 7. gondii
placental infection, but also indirectly due to
a strong Thl or low Th2 maternal immune
response [36-39].

The success of our vaccine is probably due
to the encapsulation of all Toxoplasma antigens
in the same nanoparticle-based vaccine and the
delivery of these antigens in airway mucosa [16].

Only a few studies have reported the use of
a sustained-release vaccine formulation against
toxoplasmosis. Chuang ez al. observed a long-last-
ing protective immunity against 7 gondjii in non-
pregnant BALB/c mice after Poly(D,L-Lactide-
co-glycolide) (PLG) microparticle encapsulation
of the SAGI and SAG2 protein antigens [40].
However, Stanley e al. showed no protection in
pregnant sheep given an intranasal PLG micro-
particle vaccine containing a tachyzoite extract
plus cholera toxin [41]. To our knowledge, our
study is the first in which Toxoplasma antigens
associated with nanoparticles have been shown to
protect against congenital toxoplasmosis.

Furthermore, nasal administration of DGNP/
TE showed that this route of administration of
antigens protects against an oral challenge with
the parasite and offers a promising alternative, as
intranasal delivery of vaccines presents some dis-
tinct advantages over parenteral or other routes
of vaccine administration. This noninvasive
route is effective in systemic and mucosal
immune responses by interacting with the nasal
associated lymphoid tissue (NALT) [42]. Several
studies have shown that vaccination at local
mucosal surfaces, particularly the nasal surface,
is an effective regimen for the stimulation of
mucosal and systemic immune responses and is
a promising and rational approach for vaccine
development against 7. gondii [43-46].

Beforehand, we showed that these nano-
particles increase the delivery of antigens into

future science group

epithelial cells, therefore inducing a strong pro-
tective immune response in 7. gondii chronic
infection [16]. The in vivo biodistribution
measurements in this study demonstrated the
presence of nanoparticles in the nose 6 h after
administration. After 24 h, nanoparticles were
undetectable from tissues, but present in the
feces suggesting rapid and total elimination of
the nanoparticles. Antigens contained in nasal
vaccines usually reside in the nose for a matter of
minutes [47]. This residence time was increased
to 6 h by the DGNP and could lead, together
with the intracellular delivery capabilities of
DGNP [16], to an improved immunogenicity.

These results associated with safety issues of
the total elimination of the nanoparticles con-
firm the strong interest of such nanoparticles as
vaccine adjuvant.

Further studies will be performed with the
DGNP/TE formulation to determine the deg-
radation and/or the processing of proteins by
immune cells. The mechanisms implied in anti-
gen delivery via the mucosa, and specifically the
question of what cells are involved, will also be
examined.

These results provide support for future stud-
ies of congenital vaccines and confirm that these
biodegradable particles can be used as a versa-
tile approach to design vaccine carriers against
vertically transmitted infections.

Conclusion & future perspective

This publication presents the ability of total
Toxoplasma antigens encapsulated in maltodex-
trin/phospholipid nanoparticles and adminis-
tered intranasally to protect against congenital
toxoplasmosis in mice. These results are very
encouraging — regarding the incidence of ovine
and human congenital toxoplasmosis in the
world and their consequences — and showed
that nanoparticle vaccines hold great promise
not only for congenital toxoplasmosis but also
in the area of all congenital infectious diseases.
In the upcoming months, this strategy will be
applied to ovine congenital toxoplasmosis prior
to first assay in humans.
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SUMMARY POINTS
Background

e Congenital Toxoplasma gondii infection is a major public health problem, and vaccines are a major priority.

Results

e Nanoparticles were totally eliminated after nasal administration confirming the biocompatibility and the

biodegradability of the vaccine.

e Fetuses from vaccinated mice were significantly protected in terms of parasitemia and clinical symptoms.

e Alocal modulation of the immune response was observed at placental level.

Conclusion

e Administered intranasally nanoparticle vaccine is a potent, effective and successful vaccine against congenital

toxoplasmosis in mice.
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