Med Microbiol Immunol (2017) 206:53-62
DOI 10.1007/s00430-016-0483-9

@ CrossMark

ORIGINAL INVESTIGATION

Enhancement of the protective efficacy of a ROP18 vaccine
against chronic toxoplasmosis by nasal route
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Abstract Infection with the parasite Toxoplasma gon-
dii causes serious public health problems and is of great
economic importance worldwide. No vaccine is currently
available, so the design of efficient vaccine strategies is still
a topical question. In this study, we evaluated the immu-
noprophylactic potential of a 7. gondii virulence factor,
the rhoptry kinase ROP18, in a mouse model of chronic
toxoplasmosis: first using a recombinant protein produced
in Schneider insect cells adjuvanted with poly I:C emulsi-
fied in Montanide SV71 by a parenteral route or adjuvanted
with cholera toxin by the nasal route and second using a
DNA plasmid encoding ROP18 adjuvanted with GM-
CSF =+ IL-12 DNA. If both intranasal and subcutaneous
recombinant ROP18 immunizations induced predominantly
anti-ROP18 IgG1 antibodies and generated a mixed sys-
temic Th1-/Th2-type cellular immune response character-
ized by the production of IFN-y, IL-2, 1I-10 and IL-5, only
intranasal vaccination induced a mucosal (IgA) humoral
response in intestinal washes associated with a significant
brain cyst reduction (50 %) after oral challenge with T.
gondii cysts. DNA immunization induced antibodies and
redirected the cellular immune response toward a Thl-type
response (production of IFN-y and IL-2) but did not con-
fer protection. These results suggest that ROP18 could be
a component of a subunit vaccine against toxoplasmosis
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and that strategies designed to enhance mucosal protective
immune responses could lead to more encouraging results.
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Introduction

Toxoplasma is an obligate intracellular protozoan parasite
which is the cause of toxoplasmosis in almost all warm-
blooded animals. Nearly, one-third of the world’s popula-
tion is infected with T. gondii, which can cause Toxoplas-
mosis in the developing fetus and life-threatening disease in
people whose immune systems are compromised through
diseases like AIDS or chemotherapy [1-3]. Toxoplasma
gondii is also recognized as a major cause of abortion in
farm animals such as sheep and goats [2]. Acquired resist-
ance to T. gondii infection is mediated by a mucosal and
systemic Th1 cellular immunity, which depends mainly on
the ability of T cells to produce IFN-y [4, 5]. When humans
or animals become infected, there is no drug treatment
available that will eliminate the parasite; hence, an effec-
tive vaccine against 7. gondii would be extremely valuable
for controlling toxoplasmosis [6—8]. Thus, in the last years,
the immunogenic efficacy of many 7. gondii antigens has
been extensively investigated as potential vaccine candi-
dates; among them is ROP18, a polymorphic rhoptry pro-
tein. ROP18, a member of the ROP2 family, is localized to
the rhoptry bulb and is an active kinase [9]. Upon invasion,
ROP18, ROP17, ROP5 and GRA7 are secreted into the
host cell and subsequently traffic back to the PVM, where
they cooperate to inhibit the localization and the func-
tion of immunity-related GTPases [10, 11]. The efficiency
of vaccination depends on several factors including the
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adjuvanticity of the formulation component(s), the route of
administration and the strain of mouse used. Because the
main natural site of infection for 7. gondii is the mucosal
surface of the intestine, the protective immunity obtained
after natural infection with 7. gondii points to the impor-
tance of developing a vaccine that stimulates both mucosal
and systemic defenses. In previous studies, we have shown
that intranasal vaccination with SAG1 plus CT induced
humoral and cellular immune responses at local and sys-
temic sites with a Th1 cytokine pattern and protects CBA/J
mice (H-2¥) against chronic toxoplasmosis following oral
challenge with 7. gondii cysts [12, 13]. Previous studies
used parenteral immunizations with recombinant ROP18
protein, and only one investigated protective efficacy in
H-2X major histocompatibility haplotype (C3H mice) [14].
We were therefore interested in evaluating the potential of
T. gondii ROP18 using an intranasal vaccination strategy
compared with a subcutaneous vaccination strategy simi-
lar to that of Grzybowski et al. [14] except that ROP18 and
poly I:C were emulsified with Montanide ISA 71 an adju-
vant known to enhance cellular immune responses [15].

We also compared the immune responses and the protec-
tive efficacy elicited in mice immunized with a bicistronic
plasmid encoding ROP18 and GM-CSF with or without a
plasmid encoding IL-12. Intramuscular DNA vaccination has
been shown to induce Thl-type CD4+ T cells and cytotoxic
CD8+ T cells, while maintaining the capability of stimulating
antibody responses [16], immune responses which are poten-
tially protective against 7. gondii. We previously showed
that co-administration of a plasmid encoding GM-CSF with
a plasmid encoding a T. gondii antigen or administration of
a bicistronic plasmid (pIRESopt) encoding both the antigen
and GM-CSF enhanced the humoral and cellular immune
responses and improved the protective efficacy in mice
against toxoplasmosis [17, 18]. Furthermore, IL-12 has been
used to modulate the humoral and T cell responses toward
a Thl profile and to enhance the generation and activity of
CTLs in many studies including vaccine strategies against 7.
gondii [19-22]. Based on this background information, DNA
encoding GM-CSF and IL-12 were used in this study.

Materials and methods
Mice

Female CBA/J mice (H-Zk), 6-8 weeks old, were obtained
from Janvier (Le Genest St. Isle, France) and maintained
under pathogen-free conditions in our animal house for
use throughout these experiments. Experiments were per-
formed in accordance with the guidelines for the animal
experimentation, and the protocol was approved by the
local ethics committee (CEEA VdL).
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Parasites

Cysts of the 76 K strain of T. gondii (type II) were obtained
from the brains of orally infected CBA/J mice and main-
tained by monthly passage. They were used for all experi-
mental infections.

Recombinant 7. gondii ROP18 protein (ROP18S2)

The gene fragment encoding the mutated ROP18 (type
I, ROP18mut, point mutation introduced in the catalytic
domain) without its signal sequence and propeptide (AA
83-539) (1368 bp) was amplified by PCR from the plas-
mid pTracerROP18mutApro (D*** A) which was kindly
provided by Maryse Lebrun [9] using the primers 5Bgl-
ROP18S2  (5-GGCGGCAGATCTGAAAGGGCTCAAC,
forward) and 3XbaROP18S2 (5-GCCCTCTAGATTCTG,
reverse). The resulted PCR fragment was cloned into the
expression vector pMT/BiP/V5-HisA (Invitrogen) at BglIl/
Xbal restriction sites to obtain pMT-ROP18mutsec. The
recombinant vector was sequenced and Drosophila Schnei-
der 2 cells (S2 cells) were transfected, using the drosophila
expression system (DES) purchased from Invitrogen, as
previously described [23]. ROP18S2 was purified under
native conditions from the supernatant of stably transfected
cells, using the HisTrap HP affinity column (GE Health-
care), as specified by the manufacturer. The purified protein
was analyzed by SDS-PAGE with coomassie blue staining.
Antigenic validation was performed by Western blot against
anti-ROP18 rat polyclonal antibodies (kindly provided by
Maryse Lebrun), sera from 7. gondii (76 K) infected mice
and sera from uninfected mice as negative control. Electro-
phoresis and immunoblotting were performed as previously
described [24].

DNA vaccine (pROP18)

The eukaryotic expression vector pIRESopt-GMCSF [17]
was used to co-express a secreted 7. gondii ROP18 and
mouse GM-CSF from the same plasmid. To obtain the
secreted form of ROPI18, the sequence encoding ROP18
(without its signal sequence and propeptide) was ampli-
fied by PCR from the plasmid pTracerROP18mutApro
by using the primers 5XbaROP18sec (5’GCGGCTCT
AGAGAAAGGGCTCAAC, forward) and 3NheROPI18
(5’GAAGGGCTAGCTTTATTCTGTGTGGAG, reverse).
The signal sequence of MIC3 (ssMIC3) was amplified
from the plasmid pcDNA3-EGF [17] by using the primers,
5NheSigMIC3 (5-GACCCAAGCTAGCCTTGTCC, for-
ward) and 3XbaSigMIC3 (5'-CAGCTTCTAGAAGCCTCC
GC, reverse). Then the two Xbal-digested PCR fragments
were ligated together, and the ligation product was PCR-
amplified with primers, S5NheSigMIC3 and 3NheROP18.
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The resulted PCR fragment was cloned at Nhel site of the
plasmid pIRESopt-GMCSF to obtain pIRESopt-GMCSF-
ROPI18secmut (pROP18). IL-12-containing plasmid
(pIL12) kindly provided by Dr A.L. Rakhmile-vich (Uni-
versity of Wisconsin Comprehensive Cancer Center, Madi-
son, WI, USA), pIRESopt-GMCSF (pIRES) and pROP18
were purified from transformed Escherichia coli DH5a
by endotoxin-free DNA purification kit (Qiagen GmBH,
Hilden, Germany) as specified by the Manufacturer.

To test its expression, the recombinant eukaryotic
expression plasmid pROP18 was transiently transfected
into 293 T cells (Invitrogen) using a polycationic liposome
reagent (LipofectAMINE™, Invitrogen) as instructed by
the manufacturer. After 48 h of culture, cells were lysed
and antigenic validation was performed by Western blot
against anti-ROP18 rat antibodies.

Mice immunizations and challenge

For protein immunizations, mice were immunized either
with ROP18S2 (15 pg) emulsified in Montanide™ ISA
71 (SEPPIC, France) combined with 10 ug poly I:C (Invi-
vogen, size >1.5 kb) by subcutaneous injection (sc-M-P-
ROP18 group), or with ROP18S2 (15 pg) plus 1 pg cholera
toxin (CT, Sigma) intranasally (in-CT-ROP18 group), three
times at intervals of 2 weeks. Control groups were either
untreated (untreated group) or inoculated with adjuvants
alone (in-CT-control and sc-M-P-control groups).

For DNA immunization, mice received three intramus-
cular injections at 2-week intervals of pROP18 (100 pg)
without or with adjuvant, IL-12-containing plasmid
(pIL12) at 100 pg/mouse (pROP18 group and pROPI18-
pIL12 group, respectively), as previously described [24].
Control mice were injected either with empty plasmid
pIRESopt-GMCSF without or with pIL12 (pIRES-control
group and pIRES-pILI12-control group, respectively), or
kept untreated (control group).

Two weeks after the last immunization, mice were
infected orally with 60 cysts of the 76 K strain. One month
after challenge, mice were killed and their brains removed.
Each brain was homogenized in 5 ml of RPMI medium.
The mean number of cysts per brain was determined micro-
scopically by counting eight samples (10 il each) of each
homogenate.

Analysis of antibody humoral responses

The levels of antigen-specific IgG antibodies in serum
samples were determined 2 weeks after the third immuni-
zation as previously described [24]. Briefly, recombinant
ROPI18S2 at 4 pg/ml was used to coat microtiter plates
(Maxisorp; Nunc). Twofold serial dilutions of serum sam-
ples from immunized mice diluted in PBS were added

to the wells. Bound antibodies were detected with a goat
anti-mouse IgG-alkaline phosphatase conjugate (Sigma)
diluted 1:5000 in PBS-4 % BSA. The anti-ROP18 IgG
subclass was determined by ELISA as described above
except that sera were added to the plates at a single dilu-
tion and alkaline phosphatase-conjugated anti-mouse IgG1
and IgG2a (BD Pharmingen) were used and were diluted
1:1000 in PBS-4 % BSA. Intestinal IgA antibody responses
to ROP18S2 were measured in intestinal washes by ELISA
using a goat anti-mouse IgA-alkaline phosphatase conju-
gate (Sigma) diluted 1:1000 in PBS-4 % BSA. Intestinal
washes were performed with a syringe by passing 5 ml of
PBS-1 mM phenylmethylsulfonyl fluoride through the gut
of mice killed 1 week after the third immunization. After
clarification by centrifugation and concentration to 500 ul
using poly(ethyleneglycol) (Sigma), positive rates were
determined by the cutoff value calculated as the mean
of optic density at 405 nm of six intestinal washes from
untreated mice £3 standard deviations.

Cytokine assays

Spleens and mesenteric lymph nodes were aseptically
removed from mice 1 week after the third immuniza-
tion. Single-cell suspensions were prepared as previously
described [24]. They were seeded in duplicate in flat-
bottomed, 96-well microtiter plates (Costar) at 5 x 10°
cells per well in 200 pl of culture medium either alone or
stimulated by adding 5 ug of rROP18S2 protein or 10 pg
of concanavalin A (Con A) per ml. The plates were incu-
bated for 3 days under 5 % CO, at 37 °C. Cell-free super-
natants were harvested and assayed for interleukin-2
(IL-2), IL-10 and IL-5, and gamma interferon (IFN-y)
activity at 72 h. The concentrations of IL-2, IL-10 and
IL-5 and of IFN-y were determined with an ELISA kit
(eBioscience ELISA Ready-SET-Go), as specified by the
manufacturer.

Analysis of the CD8+ T cells recruited in vivo
following challenge with 1.929-ROP18 cells

T. gondii-specific CD8+4 T cell responses elicited by
protein/DNA vaccinations versus untreated mice were
analyzed using a peritoneal antigenic challenge model,
essentially as described by Jongert et al. [25], with some
modifications. To generate syngeneic target cells express-
ing ROP18, the sequence encoding ROP18 was cleaved by
Notl/Xbal from pTracerROP18mutApro and cloned into
the Notl/Xbal sites of pcDNA3. L929 cells (fibroblastic cell
line from C3H/An mice, H-2¥) were stably transfected with
the resulted plasmid pcDNA3-ROP18. One month after
oral challenge with 7. gondii, mice were injected intraperi-
toneally (i.p.) with 10> L929-ROP18 cells and peritoneal
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exudates cells (PECs) were harvested 16 h later by perito-
neal drainage performed with 10 ml PBS. After centrifu-
gation at 500g for 10 min, PECs were prepared for direct
ex vivo staining and cytofluorometric analysis. Standard
procedures were used to stain 2-5 x 103 PECs in 5 % FCS
as previously described [26]. Antibodies for the detection
of CD8 (eBioH35-17.2) were purchased from eBioscience.
Cell acquisition was undertaken with a BD FACSCalibur
cytometer and analyzed using CellQuest software (BD
Bioscience).

Statistical analysis

All statistical tests were performed using GraphPad Prism
software. Details of the tests applied are in the figure
legends.

Results

The recombinant secreted 7. gondii ROP18mut
(ROP18S2) produced in Schneider 2 cells

The recombinant 7. gondii ROP18mut (ROP18S2) was
produced using eukaryotic S2 cells to avoid bacterial endo-
toxin contamination and was purified under native condi-
tions by nickel affinity. The purified ROP18S2 showed
electrophoretic behavior compatible with the expected
molecular weight (56 kDa) under non-reducing conditions
(Fig. 1a). Immunoblot analysis showed that ROP18S2 is
recognized not only by rat anti-ROP18 antibodies, but also
by sera from mice infected with 7. gondii 76 K cysts, while
sera from uninfected mice did not recognize ROP18S2,
which confirms the antigenicity of ROP18S2 (Fig. 1b).

The T. gondii ROP18mut protein encoded by the DNA
vaccine

A bicistronic plasmid construct, expressing GM-CSF and a
secreted form of 7. gondii ROP18mut (pIRESopt-GMCSF-
ROP18secmut, pROP18), was constructed. The production
of ROP18 from pROP18 was investigated by transfect-
ing 293FT cells. Rat anti-ROP18 antibodies recognized
a major band of about 55 kDa which corresponds to the
expected molecular weight on Western blot of 293T cell
lysates transfected with pROP18 (Fig. 1c), while any band
was detected in non-transfected cell lysates.

Immune responses and protection in mice immunized
with ROP18S2 by a mucosal or a parenteral route

To determine whether mucosal immunization could induce
protection against chronic 7. gondii infection, CBA/J
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Fig.1 Recombinant 7. gondii ROP18 proteins. The purified
ROP18S2 expressed in drosophila cells was resolved on 10 % SDS-
PAGE in non-reducing conditions and stained with coomassie blue
(a) or revealed by immunoblot (b) using a TgROP18-specific rat
serum (/), sera from uninfected mice (2) or sera from 7. gondii (76 K
strain) infected mice (3). MW: molecular weight markers. Sizes of
molecular weight markers are shown on the left in kDa. ¢ Transient
expression of ROP18 by pROP18 in 293T cells. Lysates of 293T cells
transfected with pIRES (/) or pROP18 (2) were analyzed by immu-
noblot in non-reducing conditions using a TgROPI18-specific rat
serum. MW: molecular weight markers. Sizes of molecular weight
markers are shown on the left in kDa

mice were immunized intranasally with ROP18S2 com-
bined with CT (in-CT-ROP18 group). The non-parenteral
immunization was compared to a parenteral subcutaneous
immunization using ROP18S2 and poly I:C emulsified with
Montanide, an adjuvant known to enhance cellular immune
responses (sc-M-P-ROP18 group).

IgG antibody titers in sera were determined by ELISA
with ROP18S2 2 weeks after the last immunization. IgG
antibody titers were significantly higher in the sc-M-P-
ROPI18 immunization group than in the in-CT-ROP18
immunization group (Fig. 2a). To find out whether a Thl
and/or a Th2 humoral response was induced by immuniza-
tion, the IgG subclasses were analyzed (Fig. 2b). Predomi-
nant productions of IgG1 and low productions of IgG2a
were detected in sera of both immunized groups, suggest-
ing a predominant humoral Th2-type response. Intranasal
immunization induced a weak anti-ROP18S2 intestinal IgA
response. Anti-ROP18S2 IgA antibodies were detected by
ELISA in two of six immunized mice (Fig. 2c¢). Immuno-
blot analysis of intestinal washes confirmed ELISA results
(data not shown).

The potencies of the intranasal and s.c. immunizations
to induce T cell immune responses were investigated by
measuring the specific cytokine responses in spleen cells
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Fig. 2 1gG and IgA responses to ROP18S2 immunizations in mice.
a Determination of specific anti-ROP18 antibody titers 2 weeks after
the last immunization. Sera were tested by ELISA using ROP18S2.
Sera from 8 mice in each group immunized with ROP18S2 (15 pg)
emulsified in Montanide™ ISA 71 combined with 10 pg poly I:C
by subcutaneous injection (sc-M-P-ROP18 group), with ROP18S2
(15 pg) plus 1 pg CT intranasally (in-CT-ROP18 group) or inoculated
with adjuvants alone (in-CT-control and sc-M-P-control groups) were
analyzed individually. The antigen-specific antibody titer is given as
the reciprocal of the highest dilution producing an optical density
(OD) that was 2.5-fold greater than that of the serum of non-immu-
nized mice. Results are expressed as the mean log2 titers == SEM.

and mesenteric lymph nodes 1 week after the last immuni-
zation. Stimulation of splenocytes with ROP18S2 induced
significant IFN-y (Fig. 3a) and IL-2 (Fig. 3b) responses in
immunized mice compared to the control groups. The spe-
cific secretion of IFN-y and IL-2 of spleen cells from mice
of the in-CT-ROP18 immunization group was not statisti-
cally different from that from the sc-M-P-ROP18 immuni-
zation group. Re-stimulated splenocytes from both immu-
nized groups produced significant IL-5 levels compared
to their respective controls (Fig. 3c). Splenocytes from sc-
M-P-ROP18 immunization group responded to ROP18S2
stimulation by higher production of IL-5; however, the
difference between the two immunized groups did not
reach statistical significance. IL-10 (Fig. 3d), a regulatory
cytokine that is also found to counterbalance Th2 immune
responses, was produced in both immunized groups at sim-
ilar levels; however, the IL-10 productions did not reach
statistical significance compared to their respective con-
trols. No secretion of cytokines was detected in the super-
natants of mesenteric lymph node cells of the in-CT-ROP18
immunization group. These results suggest that in our
experimental conditions, both immunization routes induced
a mixed Th1/Th2 systemic cellular immune response, but
Thl was predominant, and in parallel, intranasal immuni-
zation induced a weak humoral response in intestinal site.
In order to evaluate the protective effect of these vac-
cines against chronic toxoplasmosis, all groups of mice
were orally challenged with 60 cysts of the 76 K strain
2 weeks after the last immunization. Furthermore, to

Unpaired ¢ test. ***p < 0.001. b Determination of the IgG subclass
profiles by ELISA using ROP18S2. Results are expressed as the
mean of the optical density (OD) = SEM. Sera from 6 mice in each
group collected after the third immunization were tested at a single
dilution. ¢ IgA response in intestinal washes. Undiluted, concen-
trated intestinal washes collected after the third immunization were
analyzed by ELISA using ROP18S2. The graph shows optical den-
sity (OD) for each mouse (n = 6), horizontal bars indicated the mean
values, and the dotted line depicts the cutoff value calculated as the
mean of OD at 405 nm of six intestinal washes from untreated mice
=+3 standard deviations

investigate whether or not CD8+ T cell responses were
elicited by ROP18S2 immunizations, 1 day before kill-
ing for brain cyst counting, mice were i.p. challenged with
L.929-ROP18 cells and PECs were harvested 16 h later for
ex vivo staining of CD8+ T cells. In response to L.929-
ROP18 challenge, no significant recruitment of CD8+ T
cells was observed in vaccinated mice compared with con-
trol groups (Fig. 4a).

Compared to their respective controls, if a significant
reduction was found in brain cyst load of the in-CT-ROP18
immunization group (reduction in brain cyst load of 52 %,
p value <0.05), the reduction in the brain cyst load of the
sc-M-P-ROP18S2 immunization group did not reach statis-
tical significance (Fig. 4b).

Immune responses and protection in mice immunized
with pROP18

The initial rationale for developing DNA vaccines was to
find a means of delivering antigen into the MHC-I process-
ing pathway in order to induce cytotoxic T cells, while
maintaining the capability of stimulating T cell helper and
antibody responses [16]. To further potentiate a CD8+ T
cell response, we co-administrated a plasmid encoding
IL-12. Immune responses and protective efficacy were
evaluated in mice immunized through the intramuscular
route with a plasmid encoding both ROP18 and GM-CSF
administrated without (pROP18 group) or with a plasmid
expressing IL-12 (pROP18-pIL12 group).
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Fig. 3 Cellular immune response after immunization with ROP18S2.
Mice were immunized on days 0, 14 and 28 with ROP18S2 (15 pg)
emulsified in Montanide™ ISA 71 combined with 10 ug poly I:C by
subcutaneous injection (sc-M-P-ROP18 group), ROP18S2 (15 pg)
plus 1 pg CT intranasally (in-CT-ROP18 group) or inoculated with
adjuvants alone (in-CT-control and sc-M-P-control groups). Sple-
nocytes from vaccinated mice (n = 6/group) were recovered 1 week
after the third immunization and cultured with 4 yg/ml ROP18S2.

ROP18S2-specific IgG antibodies were detected in all
vaccinated mice. Similar IgG antibody titers were found
in both immunized groups (Fig. 5a). Both groups produced
IgG1 and IgG2a, and the levels of IgG2a exceeded those
of IgG1 without significant differences between the two
immunized groups (Fig. 5b). These results suggest a mixed
Th1/Th2 humoral-type response with a slight bias toward
a Thl response. Stimulated splenocytes from both immu-
nized groups produced significant IFN-y (Fig. 5c¢) and IL-2
(Fig. 5d) levels compared to their respective controls, with-
out significant difference between the two immunized groups.
IL-5 and IL-10 were not detected. These results suggest that
DNA immunization induced a Thl cellular immune response.
Co-administration of pIL12 did not enhance the cellular
immune response and was not able to influence the humoral
response both in terms of magnitude and IgG subclasses.

DNA immunization with pROP18 did not confer a signifi-
cant reduction in the brain cyst load, and co-administration
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Cell-free supernatants were harvested and assayed for IFN-y (a), IL-2
(b), IL-5 (c¢) and IL-10 (d) activities. Each symbol represents a single
mouse, and the horizontal line is the median. The limit of the detec-
tion of each assay as determined by the manufacturer was 15 pg/ml
(IFN-y), 2 pg/ml (IL-2), 4 pg/ml (IL-5) and 32 pg/ml (IL-10). ND, no
cytokine detected. Kruskal-Wallis nonparametric test, Dunn’s multi-
ple comparisons test. **p < 0.01; *p < 0.05

of pIL12 did not potentiate the protection (Fig. 6a). Follow-
ing in vivo challenge with L929-ROP18 cells, no significant
attraction of CD8+ T cells was observed in mice immunized
with pROP18 plus pIL12 and infected with 7. gondii com-
pared with untreated and infected control group (Fig. 6b).

Discussion

In this study, we investigated the immunoprophylactic
potential of 7. gondii ROP18 against chronic toxoplasmo-
sis in CBA/J mice after oral challenge with 7. gondii cysts.
We first compared a mucosal vaccination to a subcutane-
ous vaccination route using recombinant protein of ROP18
(ROP18S2) produced through the drosophila insect cell
system and purified under native conditions.

Significant (but partial) protection was observed in mice
immunized by the nasal route with ROP18S2 plus cholera
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Fig. 4 Analyses 1 month post-infection (after challenge infection) in
mice immunized with ROP18S2. Two weeks after the last immuniza-
tion, all groups of mice were orally infected with 60 cysts of 76 K
T. gondii strain. a One day before killing for brain cyst load analy-
sis, mice (n = S/group) were challenged i.p with 10° 1.929-ROP18
cells. Peritoneal exudates cells (PECs) were harvested 16 h later
for direct ex vivo staining of CD8+ T cells. Percentage of CD8+

toxin (50 % brain cyst reduction) as compared to the con-
trol groups following oral challenge with 7. gondii cysts.
However, no significant brain cyst reduction was observed
in mice immunized s.c. with ROP18S2 and poly I:C emul-
sified in Montanide. This result is similar to that obtained
by Grzybowski et al. [14] with another strain of mice carry-
ing the same H-2* haplotype, immunized s.c. with a recom-
binant ROP18 protein and poly I:C following i.p. challenge
with T. gondii cysts. However, in the same study, Balb/c
mice exhibited significant brain cyst reduction (52 %) as
compared to the poly I:C control group. Significant brain
cyst reduction was also observed in Kunming (H-2%) mice
immunized intramuscularly with a recombinant canine ade-
novirus type 2 expressing ROP18 following oral challenge
with T. gondii cysts (57 % brain cyst reduction) [27]. Fur-
thermore, intramuscular immunization of Kunming mice
(H-2% with a plasmid encoding ROP18 conferred partial
protection after lethal challenge [28].

The initial rationale for developing DNA vaccines or
recombinant viral vectors was to find a means of deliver-
ing antigen into the MHC-I processing pathway in order
to induce cytotoxic T cells, while maintaining the capabil-
ity of stimulating T cell helper and antibody responses [16,
29]. This strategy could be particularly important in the
case of intracellular pathogens such as 7. gondii. Indeed,
immunization of Kunming mice with either a recombinant
canine adenovirus type 2 expressing ROP18 or a plasmid
encoding ROP18 has been shown to activate T CD8+ T
cell, and significant CTL activities have been reported [27,

mean number of brain cysts

T cells in the peritoneum are represented as mean & SEM. b Brain
cysts load was evaluated 1 month after challenge (n = 8/group). The
results are expressed as the mean number of cysts for each group
of mice £ SEM and are representative of two independent experi-
ments. ANOVA, Bonferroni’s multiple comparison test. **p < 0.001;
*p <0.05

28]. Bioinformatic analysis for H-2%, H-2¢ and H-2® MHC
class I binding epitopes (8—11 mers) using the NetMHC3.0
algorithm [30, 31] showed that putative CTL epitopes are
present in ROP18, and the identified epitopes had a uniform
affinity range with a mixture of strong and weak binders.
The stronger binders were found for H-2KX MHC class 1
binding epitopes (Supplementary Figure S1). In our experi-
mental conditions, DNA immunization of CBA/J mice with
pROP18 induced specific humoral and cellular immune
responses and co-administration of pIL12 did not enhance
these responses. The induced Th1 biased immune responses
did not confer significant protection against oral challenge
with 7. gondii cysts. To evaluate the CD8+ T cell response
in ROP18S2 or pROP18 vaccinated mice, we used an in vivo
challenge with syngeneic cells expressing ROP18, 1 month
post-T. gondii infection. The percentages of recruited CD8+
T cells were only slightly higher in immunized mice com-
pared to controls. Our results are quite similar to those
obtained in C3H mice immunized s.c with ROP18 plus poly
I:C [14]. In the same study, compared to C3H mice, the ratio
CD4+-/CD8+ in Balb/c mice was the lowest which, as sug-
gested by the authors, may indicate a weak stimulation of the
cytotoxic immune mechanisms in Balb/c mice [14]. In our
experimental conditions, even in strategies which may favor
MHC class I presentation, CBA/J did not generate detect-
able specific CD8+ T cell responses. Collectively these
results suggest that Balb/c mice are probably more effective
in inducing CD8+ T cell than CBA/J mice. Failure to gener-
ate a sufficient CD8 response may contribute to the lack of
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Fig. 5 Humoral and cellular responses after immunization with
pROP18. Mice were immunized on days 0, 14 and 28 with pROP18
(pROP18 group) or pROPI8 plus pIL12 (pROP18-pIL12 group).
Control groups were either untreated (untreated group) or received
empty plasmids (pIRES-control and pIRES-pIL12 groups). a Deter-
mination of specific anti-ROP18 antibody titers 2 weeks after the
last immunization. Sera were tested by ELISA using ROP18S2. Sera
from 8 mice in each group were analyzed individually. The antigen-
specific antibody titer is given as the reciprocal of the highest dilution
producing an optical density (OD) that was 2.5-fold greater than that
of the serum of non-immunized mice. Results are expressed as the
mean log2 titers = SEM. b Determination of the IgG subclass pro-

protection observed after parenteral immunizations in CBA/J
mice. However, a mucosal administration route was able to
confer partial protection in these mice.

Mice immunized by the nasal route with ROP18S2 plus
CT exhibited lower levels of anti-ROP18S2 IgG antibod-
ies than mice immunized s.c. with ROP18S2 and poly I:C
emulsified in Montanide. Both mucosal and parenteral vac-
cinations generated a mixed Th1/Th2 response polarized
toward the IgG1 antibody isotype. In addition to the produc-
tion of IFN-y, and IL-2, IL-10 and IL-5 were also produced
by the spleen cells of the immunized mice stimulated with
ROP18S2, suggesting that a mixed systemic Thl-/Th2-
type cellular immune response occurred in both immunized
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files by ELISA using ROP18S2. Results are expressed as the mean
of the optical density (OD) £ SEM. Sera from 6 mice in each group
collected after the third immunization were tested at a single dilution.
¢, d Splenocytes from vaccinated mice (n = 6/group) were recov-
ered 1 week after the third immunization and cultured with 4 pg/ml
ROP18S2. Cell-free supernatants were harvested and assayed for
IFN-y (¢) and IL-2 (d) activities. Each symbol represents a single
mouse and the horizontal line is the median. The limit of the detec-
tion of each assay as determined by the manufacturer was 15 pg/ml
(IFN-y), 2 pg/ml (IL-2). ND no cytokine detected. Kruskal-Wallis
nonparametric test, Dunn’s multiple comparisons test.*p < 0.05

groups. Beside the systemic immune response, a mucosal
humoral immune response at the intestinal site was detected
in some mice immunized by the nasal route with ROP18S2
plus CT; however, cellular immune responses were not
detected in the mesenteric lymph nodes of any mouse. This
mucosal humoral response was weak, since IgA could be
detected only after concentration of the intestinal washes.
These results suggest that mucosal immunity may aug-
ment vaccine efficacy. It therefore remains to identify at
both local and systemic sites the mechanisms of vaccine
efficacy and correlates of protection. It is possible that such
mechanisms will be different for each administration route.
Such observations have already been reported [32, 33]. One
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Fig. 6 Analyses 1 month post-infection (after challenge infection) in
mice immunized with pPROP18. Two weeks after the last immuniza-
tion, all groups of mice were orally infected with 60 cysts of 76 K
T. gondii strain. a Brain cysts load was evaluated 1 month after chal-
lenge (n = 8/group). The results are expressed as the mean num-
ber of cysts for each group of mice + SEM and are representative

potential concern with CT intranasal immunization is a pos-
sible adverse side effect since CT could be transported to
the central nervous system. We recently showed the poten-
tial of nanoparticles to improve the immunogenicity of nasal
vaccine against 7. gondii; therefore, this strategy could be
used to improve the efficiency of ROP18 [34].
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