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ABSTRACT:

Toxoplasma gondiis an obligate intracellular protozoan parasitpatde of infecting
warm-blooded animals, including humans. A highlyedse genetic population has been
reported in Central and South America, predomimgatiainly atypical genotypes. Different
genotypes showed different biological behavior ircen The aim of this study was to
evaluate the biological behavior ©f gondiiisolates obtained frorivlacropus rufogriseus
(TgMr) and Saimiri boliviensis(TgSh identified as atypical genotypes # 14 and # 163,
respectively. Strains RH, ME49 and VEG were useceesence for clonal types I, 1l and
I, respectively.In vitro invasion and replication capacity assays wereyaedlat 6 and 18
hpi, respectivelyln vivo assay was performed in Swiss mice=( 30) using 1x1®and
1x10° parasites/mouse as infective doses (ME49, VEgBr, TgSband negative control).
Morbi-mortality and tissues PCR were assessed. bypmliferation assays were
performed and gamma interferon was measured by ALT&e ME49 strain showed the
highest invasion, followed bygSband VEG, while RH and@gMr presented the lowest
invasions. The RH strain and tAgSbisolate showed more endodyogeny events (fastest
doubling times) than VEG and MEA49 strains and Tag®lr isolate. Both atypical isolates
showed high virulence (100 % morbi-mortality, atl®-dpi) and parasite DNA was
detected in all tissue samples. Splenocytes frome nmoculated withTgMr and TgSb
registered the highest values of gamma interfefonin vitro invasion-replication index
was established which correlates inversely witlhilemce in mice. In conclusiofl, gondii
atypical isolates # 14 and # 163 showed a differentitro behavior than clonal strains,

with low invasion-replication indexes but beinghligvirulent in mouse model.
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1. INTRODUCTION
Toxoplasma gondiis an obligate intracellular protozoan parasiteatd® of infecting
warm-blooded animals, including humans (Dubey, 20E@lines are the definitive hosts
and several species of mammals and birds act esmatiate hosts presenting different
clinical signs (Dubey, 2010). Toxoplasmosis in homas generally asymptomatic,
however, it may cause a variety of neurologicalnsigand multi-organic failure in
immunocompromised patients and fetal lesions irnréiea (ocular toxoplasmosis), central
nervous system injuries and even abortion in piilgnanfected pregnant women (Weiss
and Kim, 2014). In the northern hemisphere (Eur@jf#A and Canada) a predominance of
clonal population off. gondii has been reported, with clonal type Il as domir(@vieiss
and Kim, 2014). However, a highly diverse populatltas been reported in Central and
South America (especially Colombia, Brazil and Area), being detected non-clonal or
atypical genotypes with combinations of types latid Il alleles, or even new alleles
(Bernsteinet al., 2018; Penaet al, 2008; Weiss and Kim, 2014). Different genotypes
showed different biological behavior analyzed maim mice model (Dubremetz and
Lebrun, 2012).
Toxoplasma gondsurvival relies on its capacity of invasion of nhast cells (Weiss and
Kim, 2014). The protozoan multiplies asexually iitwally all nucleated host cells
producing tachyzoites (fast division) or bradyzsi{slow division). The tachyzoites enter
the host cell by an active invasion mechanism,asetg enzymes which produce the
invagination of the host cell membrane. This inmagjon surrounds the tachyzoites and

forms the parasitophorous vacuole (PV) (Weiss aimd, R014). After the formation of the
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PV, the tachyzoites multiply by endodyogeny, in evhitwo daughter cells are formed
inside the mother cell. The divisions continue l&sg in a geometric expansion of the
parasites until the host cell is destroyed (Dubeegl, 1998). The firstn vitro experiments
showed that the tachyzoites of the RH strain (dltyrze 1) have the highest multiplication
rate while the tachyzoites of the ME49 strain (elotype II) have the highest invasion rate
(Cafiedo-Solarest al, 2013; Contreras-Ochaa al, 2012; Saadatniat al, 2010). Some
authors suggest that strain virulence dependsmitaéon capacity more than on invasion
capacity (Cafedo-Solares al, 2013; Dubremetz and Lebrun, 2012). Similar ssdiave
been carried out with the protozo@deospora caninumclosely related tol. gondii
(Dellarupeet al, 2014b). It has been shown thtvitro invasion and replication capacity
can be used as virulence traitsNncaninumand correlated with virulence in mice model
(Dellarupeet al, 2014a, b).

The T. gondii invasion and replication experiments are very rogieneous and most of
them use clonal isolates (Alomat al, 2013; Cafiedo-Solaret al, 2013; Contreras-
Ochoaet al, 2012; Cuellart al, 2012; Malkwitzet al, 2018; Saadatniat al, 2010).
Therefore, a standard protocol is needed to makdtsecomparable (Contreras-Ocheta
al., 2012).

Toxoplasma gondivirulence has been defined as the mortality ratelifferent mice
models (Dubremetz and Lebrun, 2012; Satahl, 2017; Sibley and Boothroyd, 1992).
The clonal type | (ToxoDB # 10) is highly viruleit mice, with a LQgo = 1 parasite
(Sibley and Boothroyd, 1992). In contrast, clongdet Il is considered as intermediate
virulence with a L3, > 10° parasites (ToxoDB # 1), and clonal type Ill (ToBB 2) is
considered non-virulent with a lsp> 10° parasites (Sibley and Boothroyd, 1992). Until

now, non-clonal genotypes have shown differentl@irce in mouse model, leading to
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difficulties on predict virulence based only on gbmes (Dubey, 2010; Dubremetz and
Lebrun, 2012; Weiss and Kim, 2014). The morbiditgtes, different degrees of
histopathological lesions, the presenceTofgondii DNA and tissue cysts are associated
with virulence in mouse models (Costaal, 2018; Pereirat al, 2017; Pinheircet al,
2015). Immune response in experimentally infectézkerns characterized by the production
of IFN-y (gamma interferon), which induces the developmehtThl profile and
macrophages activation helping to control the pergsoliferation, however paradoxically,
its overproduction has been associated with adutéence(Chenet al, 2016; Morduect
al,, 2001; Rodgerst al, 2005; Wanget al,, 2016).

Toxoplama gondigenotype # 163 has been frequently detected irilBrad considered of
variable virulence in mice model (Gennatial, 2015; Silveet al, 2014). Genotype # 14
has been reported in several South American casnfArgentina, Brazil, Colombia, Chile
and Venezuela) and the USA showing a wider distiobuthan genotype # 163 (Pardati
al., 2019). In Brazil, this genotype generated 10@n&stality in mice model, indicating a
highly virulent phenotype (Pere al., 2008; Rajendraet al., 2012).

The biological behavior of non-clondl. gondii genotypesin vitro model (expressed as
invasion and replication) and its relation with theulence in mouse model (expressed as
mortality and morbidity) are still not clear (Duhe3010; Dubremetz and Lebrun, 2012;
Weiss and Kim, 2014). It is necessary the estamigstt of accurate and reliabie vitro
protocols which allow the parasites behavior ev@naand help to reduce, replace and
refine the number of animals for vivo assays.

The aim of this study was to evaluate the biolddiedavior ofT. gondiiisolates identified
as atypical genotypes # 14 and # 163rbyitro andin vivo studies. Additionally, this study

aimed to establish a relation betweenitheitro andin vivoassays results.
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120 2.MATERIALSAND METHODS

121 Toxoplasma gondisolates were obtained from fatal cases of tox@ptasis in zoo animals
122 Saimiri boliviensis (Bolivian squirrel monkey) andMacropus rufogriseus(Bennett’'s
123 wallaby) in Argentina (Basset al, 2007; Pardinet al, 2015), named in this studgTgSb
124 (genotype # 163) andgMr (genotype # 14), respectively (Bernstesh al., 2018).
125 Tachyzoites were maintained in liquid nitrogen aadsolated in mice deficient for IFN-
126 (GKO; C.129S7 (B6) -ifngtm1Ts> / J, The Jackson Laboratory, UK) to reduce nunatber
127 passages and adaptation to cell culture (Cont@c®aet al, 2012; Dellarupeet al,
128 2014b). Strains RH, ME49 and VEG were used asester for clonal types I, 1l and I,
129 respectively.

130 2.1In-vitro invasion and replication assay

131 This assay was designed based on previous studiesAlomaret al, 2013 and Dellarupe
132 et al, 2014b.

133 2.1.1 VERO cell cultures

134 VERO cells were cultivated with RPMI-1640 mediumttwiglutamine (Gibco, USA),
135 supplemented with 10 % fetal bovine serum (FBS)t¢blar, Argentina) and 1 % of a
136 solution of antibiotics and antimycotic (Gibco BRIK). All cultures were incubated at 37
137 °Cwith 5% CQ.

138 2.1.2 Preparation of tachyzoites

139 Tachyzoites were harvested when cell monolayer8@a% infected and the parasites were
140 inside the PVs. Cell monolayer was detached witklbscraper (GBO, Germany), and the

141 suspension was passed through the 22G, 25G and32iiéedles, to release the parasites
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inside the PVs. Tachyzoites were resuspended imefpgired infection dose to inoculate
the VERO cultures. All infections were made withii post released of the parasites.
2.1.3 In vitro assay in 24-well plates
The invasion and the amount of produced tachyzdiedication) were determined in a
24-well plate assay. Circular glass coverslips 5fmm (MATSUNAMI, Micro Cover
Glass, USA) were placed in 24-well plates, and rceatration of 1x1OVERO cellsper
well was added with the conditions described irtisec2.1.1. The cell cultures were left
overnight (16 to 18 h), to obtain an 80 % confluem@nolayer, and the tachyzoites were
prepared as described in section 2.1.2 and seadstlinfection dose of 1xvell. Plates
were placed on ice for 10 min to synchronize cetbsion (Alomaret al, 2013). One hour
after infection, the culture medium was changedteRl were washed with sterile phosphate
buffer solution (PBS) and fixed with cold methafad 5 min at -20 °C at 6 and 18 hours
post infection (hpi). Fixed cultures were preserveith sterile PBS at 4 °C. Three
independent experiments were performed for eaclfttime, with 3 replicates each one.
Tachyzoites identification was performed by indirfgorescent antibody test (IFAT). The
cultures were permeabilized with 0.25 % Triton XI{P@omega, USA) in PBS for 10 min.
Then, PBS with 5 % FBS was added as blocking swiufor 30 min. As a primary
antibody a serum from®& gondiinaturally infected goat (with IFAT titer higheraih 800),
diluted 1:100 in PBS-0.5 % Tween20 (Metraquimicd.sArgentina) with 0.5 % bovine
serum albumin (BSA, Sigma, USA) was used (Gos et 2017). As secondary antibody
anti-goat 1gG conjugated with Alexa 488 fluorocher{Life technologies, USA) was
diluted 1: 500 in PBS-0.5 % Tween20 and 0.5 % B84 iacubated in the dark. As nuclei
staining, DAPI (4', 6-Diamidino-2-Phenylindole, DBdrochloride, Molecular Probes,

Invitrogen, USA) was used diluted 1: 2000 in PBSg¢ubated for 5 min at room
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temperature. All antibodies incubations took plac&umid chamber at 37 °C for 45 min
and 3 washes were made after incubations witHesteBS. Finally, cultures were mounted
with a drop of ~1Qul of mounting fluid MOWIOL 4-88 (Sigma Aldrich, USAinverting
each coverslip over the mounting fluid, air drieda@m temperature overnight and stored
at -20 °C until microscope examination.
Fifty microscopic fields (40X objective) were ramadly selected from each coverslip and
the PVs were counted by discriminating among PMh Wj 2, 4, 8, and 16 tachyzoites. The
invasion was analyzed by the total number of P\églpced by each strain and isolate at 6
hpi. The replication was analyzed by calculating tbtal amount of parasites that showed
at least one event of endodiogeny (PVs with 2 arentachyzoites) at 18 hpi for each strain
and isolate.

2.2 Mice bioassay
The experimental design was evaluated and apprdyedhe CICUAL (Institutional
Committee for the Care and Use of Laboratory AngpaFaculty of Veterinary Sciences,
UNLP (protocol 42.6.14T)According their recommendations and to reduce thmber of
animals, the RH strain was excluded from the mioadsay due to its known LB =1
parasite (Sibley and Boothroyd, 1992). The infextioses of isolatesgMr and TgSb
were defined by a previous trial were all inocutieice with 1x16 and 1x10 tachyzoites
died with acute toxoplasmosis. A total of 30 sgegifathogens free female Swiss mice, of
8 weeks age and 23-29 gr average weight, were fosdtle assay. Water and food were
providedad libitumand animals were handled to minimize stress cimmgdithroughout the
experiment.
Five groups (6 mice/group), were subcutaneouslgutaded with the following infection

doses: 1x19 tachyzoites (3 mice/group) and 1Xlfchyzoites (3 mice/group) in each
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group for TgSb (# 163), TgMr (# 14), ME49 and VEG, and with 0.5 ml PBS for the
negative control group (NC). The parasites werentaamed in VERO cell cultures as
explained in sections 2.1.1. and 2.1.2.
The mice were monitored daily for 4 weeks, if cotilga toxoplasmosis signs were
observed were sacrificed according to the requintsnestablished by the CICUAL.
Autopsy was performed and samples of central nengystem (CNS) for histopathology
and PCR, lung for PCR and spleen for lymphoprdiien assay were obtained as detailed
below. Blood samples were obtained by cardiac puacand sera were stored at -20 °C
until used.

2.2.1 T. gondii DNA identification by PCR
Total DNA extraction was performed from CNS anddusamples with the Wizard®
genomic DNA purification kit, according to the md&acturer's instructions (Promega,
USA). PCR amplification was performed using TOX5X® primers as previously
described (Pardiret al, 2015).

2.2.2 Histopathology
A portion of the CNS from each mouse was presemved % buffered formalin. Samples
were processed routinely, stained with hematoxgind eosin (H&E) and examined
microscopically according to the routine protocold APAVET "Dr. Bernardo Epstein ",
FCV, UNLP. The histopathological lesions were eatdd with the following scoring
scheme: grade 1: mild non-suppurative meningoeradigishscarce focal gliosis and scarce
neuronal degeneration; grade 2: moderate non-safpeir meningoencephalitis,
perivascular cuffs; grade 3: non-suppurative and ltifocal necrotizing
meningoencephalitis (Venturiet al, 1996).

2.2.3 Anti-T. gondii antibody detection
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Mice sera were diluted in PBS from 1:25 in basen@ BAT was performed to final titer.
Samples were considered positive until the lasutidih where complete peripheral
fluorescence was observed (Gasl, 2017).

2.3 Lymphoproliferation assay

2.3.1 Splenocytes cultures
Splenocytes were obtained from a third of eachespl&he organ was smear under laminar
flow and purified by removinghe red blood cells using 1 ml of lysis buffer soluti(0.83
% ammonium chloride). Cells were counted with 0.8r¢pan blue viability stain in the
Neubauer chamber and seeded onto 96-well cultaeglat a concentration of 2 x>10
viable cellsperwell in 200ul of culture medium (Wangt al., 2016).

2.3.2 T. gondii total lysate antigen, stimulatiamdaneasure of IFN-
The total lysate antigen (TLA) was produced frome Th gondii RH, ME49 and VEG
reference strains and from isolaegMr andTgSh maintained in cell cultures as described
in sections 2.1.1 and 2.1.2. The tachyzoites ohesiain and isolate were centrifuged
(3000 g, 10 min) and resuspended in BDOf sterile PBS. The suspension was sonicated in
3 cycles, 1 min / cycle, at 45W/s (Omni InternaéibrJSA). The protein content of each
TLA was quantified with a commercial kit (BCA, Pogry, USA) according to the
manufacturer's instructions.
The following treatments were performed in tripteeafor each mouse splenocytes
according previous studies (Chetnal, 2016; Wanget al., 2016):
A- Splenocytes seeded in medium with 10 % FBS gatiee control. B- Stimulation with
concanavalin A (5ug / ml; Biorad, USA) as positive control. C- Stiratibn with TLA
from the RH strain (1Qug / ml). D- Stimulation with TLA from homologousdiayzoites

(10 png / ml) (Rodger=t al, 2005).

10
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Cultures were maintained at 37 °C with 5 %@ 72 h, the supernatants were collected
and stored at -20 °C until use. The IfNvas measured using a commercial ELISA kit
(Mouse IFNy ELISA Kit, Catalog n°: BMS606; Thermo Fisher Sdiéa Inc., USA)
according supplier's instructions, on the poolha triplicates of each treatmgreér mouse
splenocytes.

2.4 Statistical analysis
Invasion and replication assayk Generalized Linear Mixed Model (GLMM) with lognlk
function was applied. Fixed factor was defined sigins and isolates, and the response
variables were defined as: number of PVs at 6 hditatal number of tachyzoites at and
18 hpi. The experiment effect was considered agndam parameter. When significant
differences were detected, the LSD Fistest wasperformed (Balzariniet al , 2008).
Percentages of PVs with 1, 2, 4, 8, and 16 tachgzavere calculated for the differeht
gondii strains and isolates at 18 hpi and were plottestaacked column graphics.
Mice virulence assayMorbi-mortality was calculated as: total of ctally ill and
sacrificed animals / total of infected animals *018urine 1gG anti¥. gondiititers among
the groups were analyzed by Kruskal-Wallis test.
Lymphoproliferation assaythe IFNy production values obtained by ELISA were logl0
transformed and analyzed by ANOVA and subsequebt EiSher.
The Pearson correlation coefficient was used tdueta the association between the
parameters evaluated in the vitro assay (invasion and replication) and the morbi-
mortality in thein vivo assay.
The InfoStat software version 2018 (Di Riengbal, 2008) was used for all statistical

analyzes. The degree of significance was establiglhp < 0.05 for all analyzes. All the
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graphics were generated using the GraphPad Pristiwase version 7.00 (San Diego,

USA).

3.RESULTS
3.1 In-vitroinvasion and replication assay

Homogeneity among replicates was observed: nofgignt differences were found among
the replicates at 6 and 18 hpix 0.05).
Significant differences were found in the invasmapacity between the reference strains
and the atypical isolates analyzeaa { 0.0001). The ME49 strain showed the highest
invasion capacityg< 0.05), while thergMr isolate presented the lowest invasion capacity
of all parasitesKigure 1A).
Significant differences were observed in paragfdication, where the RH strain showed
the highest replication capacityigur e 1B).
Significant differences were observed in the load aumber of PVs at 18 hyp € 0.0001)
according to different strains and isolates. Ortlg tRH strain and th&gSb isolate
produced PVs with 16 tachyzoiteBigure 2). In summary, the RH strain and thgSb
isolate showed high replication capacity (PVs oftdéhyzoites = 4 endodyogeny events),
while the VEG and MEA49 strains, and thgMr isolate showed low replication capacity
(PVs of 8 tachyzoites = 3 endodyogeny events). ddwbling times were on average ~ 4.5
h for RH andTgSb(18 h / 4 division events) and ~ 6 h for VEG, ME#&ITgMr (18 h / 3
division events).
All strains and isolates had PVs with parasites didnot replicate or had fewer events of
endodyogeny. The RH strain showed less than 30 Pa/e with 1 tachyzoite and equal

percentages of PVs with 2, 4 and 8 parasites demading high replication capacity as

12
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above-mentioned. Also, thEgSbisolate showed high replication capacity but venyall
percentages of PVs with 2 to 16 parasites (~ 25f ®\us). The VEG and ME49 strains,
and theTgMr isolate evidenced ~ 60 % of PVs without replicatavents Eigure 2).
An index between invasion and replication (invagieplication index)was established for
each strain and isolate, using the following formulaverage invasion * 18 hpi average
replication) / 1000. The resulting index values evavilE49: 790; VEG: 260TgShb 237,
RH: 234;TgMr: 42.

3.4 Mice bioassay
Clinical signs compatible with toxoplasmosis infent (xiphosis, hirsute hair,
conjunctivitis, decay and tachypnea) were obseiwedll the inoculated mice with the
isolatesTgSb (sacrificed at 10 dpi) an@igMr (sacrificed at 8 dpi - inoculated with *L0
tachyzoites - and 9 dpi -inoculated with?t8chyzoites -). Both atypical isolates showed
high virulence (100 % morbi-mortality) in mouse mrebcReference strains ME49 and VEG
produced no morbidity, all mice were sacrificedlet end of the assay together with the
NC group.
No correlation was observed betwaarvitro invasion and mortality (Pearson coefficient
0.19,p > 0.05), nor betweeim vitro replication and mortality (Pearson coefficientd >
0.05). Thein vitro invasion-replication index was inversely relateml the mortality
recorded in this assay: the lower value of ith@itro index (isolateTgMr < strain RH<
isolateTgSh the higher mortality (higher virulence) in micedel.
Results from histopathological analysis and preseofcT. gondii DNA in mice tissue
samples are showed Trable 1. Out of all CNS fronil. gondiiinoculated micen( = 24): 9
presented grade 1 lesionsT§Sh 4 ME49), 3 grade 2 (1 ME 49; 2 VEG), 2 grade 3 (2

VEG) and 10 did not present lesions. Differentugeskesions grades are showrFigure 3.
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All the mice inoculated withT. gondii were seropositive. Antibody titers were higher in
mice inoculated with ME49 (final titer 6400:4/6, and 3200n 2/6) and VEG (final titer
12800,n 6/6), than mice inoculated witilgMr (final titer 50:n 4/6 and 25n 2/6) andTgShb
(final titer 100;n 4/6 and 50n 2/6). Differences were significarn € 0.05).

3.4 Lymphoproliferation assay
The IFN«y values obtained from splenocytes of mice inocdlatéh the different strains
and isolates, unstimulated, stimulated with Conealma A, stimulated with TLA of RH,
stimulated with homologous TLA and its statisticaimparison are shown iRigure 4.
Significance differences were observed among tlenspytes stimulated with RH TLA,
showingTgMr andTgSbthe highest valuep & 0.05). Also,TgMr splenocytes showed the
highest valuef < 0.05) when stimulated with homologous TLA. No sigant differences
were detected between homologous TLA and RH TLAugtion, onlyTgMr showed an
slightly higher IFNy value when challenged with homologous TLA tharhviiite RH TLA.

Results from all the assays are summarizetaivle 1.

4. DISCUSSION
Most studies withT. gondii atypical genotypes biological behavior have fodusiee
analysis on mice virulence. In this study, we eatdd thdn vitro capacity of invasion and
replication ofT. gondiiatypical isolates in correlation with anvivo model. We adapted a
methodology previously used in the biological clotggzation of reference genotypesTof
gondii and the related protozo&h caninum(Alomaret al., 2013; Dellarupet al, 2014b).
The clonal reference strains in this study showeéhavitro behavior very similar to that
described by other researchers (Cafedo-Soktras, 2013; Saadatniat al, 2010). The

clonal type | (RH = virulent) showed low invasioapacity but high replication capacity,
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while the clonal type Il (ME49 = intermediate viemkce) showed high invasion capacity,
but low replication capacity (Cafledo-Solastsal, 2013; Saadatniat al, 2010). On the
other hand, clonal type Ill (VEG = non virulentyepented intermediate invasion and low
replication, similar to what was previously desedifMalkwitzet al, 2018). The doubling
time of the RH strain tachyzoites was slightly éaghan that recorded in previous studies
(Cafiedo-Solarest al, 2013), which could be related to limited celltate adaptation and
strain re-isolation in mice (Contreras-Oclatal, 2012; Dellarupet al, 2014b). Malkwitz

et al, 2018, reported the ME49 replication values irrd/eells higher than NED strain
(clonal type Ill) after 12 hpi., using gPCR. Inraiudy, the ME49 strain showed an active
behavior at the beginning of infection (high inaasat 6 hpi), but low and slow replication
(most PVs only with 1 or 2 tachyzoites at 18 hjpi)contrast with the clonal type 11l (VEG
strain) that showed low replication capacity butsRaen with 8 tachyzoites. Tl vitro
behavior we observed in the ME49 and VEG strainddcbe associated with its reported
mice virulence, where a low and slow replicationuidoallow the infected cells survival
and the establishment of an effective immune respqDubremetz and Lebrun, 2012;
Mordueet al, 2001; Sibley and Boothroyd, 1992). The atypisalateTgMr (# 14) had an

in vitro behavior similar to the RH strain with respectittolow invasion capacity (even
lower than RH), however, it had the lowest replmabf all strains and isolates used in the
assay. On the other hand, the atypical isolag8b(# 163) had an intermediate invasion
capacity (similar to VEG strain) and a high reica (similar to RH strain). Despite the
fact that the capacity and the intrinsic mechanidrmvasion by reference strains (mainly
RH) has been extensively evaluated (Contreras-Oeha@h, 2012; Dubeyet al, 1998;
Dubremetz and Lebrun, 2012; Weiss and Kim, 20149, results of the present study

suggest it is negatively related to virulence.. aadition, considering our results, the
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capacity of invasion and possibly its intrinsic macism, could not be fully extrapolated
between differenT. gondiistrains.

It has been stated that the clonal strains virderarrelates with high replication capacity
(Cafiedo-Solarest al, 2013; Dubremetz and Lebrun, 2012; Malkwatzal, 2018). Based
on our results, the RH strain aidgSbisolate showed the highest speeds (or the lowest
doubling times), the replication and the "speed"dofision correlates positively with
virulence. Invasion and replication capacity haeerbused as phenotypic virulence traits
for N. caninumisolates (Dellarupet al, 2014b) and were useful in this work to evaluate
the behavior of clonal and atypicél gondiiisolates. Nevertheless, the total amount of
intracellular parasites forgMr and TgSb were lower than the three reference strains,
suggesting that there may be other virulence faatot directly associated with invasion
and replication. In summary, the atypical isolaie$. gondiiobtained fromM. rufogriseus
and S. boliviensishave a differenin vitro behavior than the clonal reference strains,
showing invasion and replication characteristiasilgir to the virulent RH clonal type,
respectively.

Both atypical isolates showed 100 % morbi-mortalising doses as low as 1%10
tachyzoites, similar as previously described usimgilar atypical isolates (Gennaat al,
2015; Pardinet al, 2019; Penat al, 2008; Rajendraat al, 2012; Reget al, 2017; Silva

et al, 2014). Probably the use of a lower parasite dmadd help to identify possible
virulence differences, as suggested by other asitf®araft al., 2017). On the other hand,
mice infected with clonal strains (ME49 and VEGHha 0 % morbi-mortality and were
considered as non-virulent (Mordeeal,, 2001; Sibley and Boothroyd, 1992).

Mice infected with atypical genotypes, showed absgiigMr) or low severity TgShH of

CNS lesions, possibly due to sacrifice in the acttge of the infection (8-10 dpi) as
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reported by others (Mordust al, 2001; Pinheircet al, 2015). Despite of this[. gondii
DNA was detected in all CNS and lung samples, config the presence of the parasites.
Mice infected with ME49 and VEG strains showed himical signs, however, severe
lesions in the CNS were detected, which could batee to a cell-mediated response
controlling the excessive multiplication of protaz@/Neiss and Kim, 2014). These mice
were considered chronically infected as confirmgdHhe tissue cysts observation in CNS
(Dubey, 2010). In addition, 5/6 and 2/6 mice indecwith ME49 resulted positive fb.
gondii DNA in CNS and lung, respectively, possibly duethe preferential location in
CNS of the chronic stages of the infection (Cadtal, 2018; Dubey, 2010). As expected
for non-lethal clonal strains, tachyzoites multplion was controlled by the host immune
system and protozoa were confined to CNS cellsradykoites (Pinheiret al, 2015).
Additionally, the differences in the IgG titers abted in this study could be associated
with the time of infection (Dubey, 2010).

In our study, the isolate with the genotype # M8s characterized as virulent, bothinn
vitro and in then vivo assays, similar as reported for one of the isplatem Regcet al,
(2017). It seems that the same genotype could prre#féerences in virulence and therefore
the biological behavior could not be 100 % preditddrom the molecular markers used in
this work (Regeet al, 2017). Similar to other studies, our resultsdate that isolate with
the genotype # 14, is characterized as virulentdiRiaet al, 2019; Penaet al, 2008;
Rajendraret al, 2012).

As a final goal, mice cellular (IFM} immune response was evaluated. In both cases, the
isolatesTgMr andTgSbinduced a higher IFN-production than clonal strains ME49 and
VEG, similar to what has been described by othénas (Cheret al, 2016; Wanget al,

2016). The extremely high IFN-production from infected mice splenocytes (esplcia
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with TgMr), could indicate a greater number of effector yopytes. These results agree
with those reported by other researchers in whigh fevels of IFNy were detected in
lethal infections (RH strain), whereas moderatelewere detected in non-lethal infections
(Mordueet al, 2001). Therefore, the adaptive immune respopesergted by these atypical
isolates could contribute to the pathogenesis dred fatal outcome of toxoplasmosis
(Mordueet al, 2001; Weiss and Kim, 2014). It has been sugddbiat thel. gondiistrain
used to prepare the TLA affects the cytokines pceduby lymphocytes vitro (Rodgers

et al, 2005). Our results indicate that all TLA stinteld splenocytes produced similar
amounts of INF-l. In general, splenocytes stimulated with TLA frdRiH, produced
slightly higher concentrations with the exceptidntlmose stimulated with homologue of
TgMr. It is probable that th&gMr isolate expresses different antigens recognized as
virulence factors, such as rhoptry proteins, wiohld induce an overproduction of IFN-
in infected animals (Dubremetz and Lebrun, 2012]deoset al, 2005). Splenocytes were
collected at the time of sacrifice which differeetlWween atypical isolates and clonal strains
(ME49 and VEG) leading to potential differencesolfably more accurate results could be
obtain performing this assay at fix time, howevergquires a higher number of infected
mice and the use of non-lethal dose or strainschvig not always possible with highly
virulent atypical strainsln summary, the overproduction of IFNin mice infected with
TgMr and TgSb could be related to the expression / secretionnuhune response
modulators by these protozoa and could be assdaontk the higher virulence detected in
the in vivo model (Dubremetz and Lebrun, 2012; Mordeteal, 2001; Rodger®t al,
2005). On the other hand, the evaluation of thedrahresponse (IgG titers) did not allow

comparisons since blood sampling was conductedfataht times. Futures studies aiming
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humoral response evaluation should considerer sagat fix time (Chen et al., 2016; Tao
et al., 2013).

Finally, anin vitro invasion-replication index was established thatld¢cacorrelate with
virulence and mice morbi-mortality inverselygble 1). The RH strain and the atypical
isolates, presented the lowest index values, mailoly to a low invasion. The lower
invasion-replication index was associated with thgher virulence, although a larger
number of strains and isolates should be evalutdedonfirm this assumption. Other
factors not measured in tirevitro assay may possibly be influencing virulence sictha
expression and allelic profiles of ROP proteins§faumetz and Lebrun, 2012). In the same
way, CS3 is a useful marker to predict the virueen€T. gondiiin the "atypical” isolates
from Brazil (Silvaet al, 2014). It would be interesting to analyze thentimmed molecular
markers in a higher number of isolates, includitygpiaal isolates obtained from Argentina.
It would be important to evaluate thevitro behavior of other phylogenetically relat&d
gondii atypical isolates in order to confirm the usefgm®f the assay presented here as
complement / substitute to mouse model experimehiso, performing the protocols
described in this study with different cell linesuld allow the improvement of virulence
prediction and the design of comparable studiesn{i€ms-Ochoaet al, 2012). The
validation of anin vitro invasion-replication index could be useful to nedily predict
virulence in mice.

In conclusion, thd'. gondiiatypical isolates # 14 and # 163 resulted in geihtin vitro
behavior than clonal strains, with low invasioniregtion indexes, but showing high

virulence in mice model in association with highdks of INF{1.
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Figure captions:

Figure 1. In vitro assay: Invasion values (number of parasitophovaasoles at 6 hpid)
and replication values (number of tachyzoites ahfB B) for eachT. gondii strain and
isolate. Different letters indicate significantféifences g < 0.05, LSD Fisher). Reference:
PVs = parasitophorous vacuoles.

Figure 2. In vitro assay: Comparison of the percentages of PVs &, 4, 8 and 16
tachyzoites for eacl. gondiistrain and isolate at18 hpi. Reference: PVs =sia@horous
vacuoles.

Figure 3. In vivo assay: Representative photomicrograph$. gondiiinfected mice CNS
sections showing different grades of lesions (H&Eirnsng). Grade 1: Neural necrosis
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(arrow), 40x A, mouse inoculated witlgSh. Grade 2: mild non-suppurative focal
meningitis (arrow), 20xK, mouse inoculated with VEG). Grade 3: numerousananlear
cells, focal gliosis (arrow), 20xC, mouse inoculated with VEG). Two large cysts in
cerebellum without inflammatory reaction (arrowdx4(D, mouse inoculated with VEG).
Scale bars =100 pm.

Figure 4. Lymphoproliferation assay: production values BN}y by splenocytes of mice
inoculated with the differenfT. gondii strains and isolates, unstimulated (A, black),
stimulated with Concanavalin A (B, orange), stinethwith TLA of RH (C, purple) and
homologous TLA (D, gray)Values obtained by ELISA (pg/ml) were log10 tramsfed to
apply an ANOVA. Different letters indicate significt differences among the columns with
the same colorp(< 0.05).* Note: stimulation with Concanavalin A of splenocytieom
mice infected withfTgMr exceeded the IFN-detection values from ELISA kit.
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Table 1. Summary of the resultsfrom thein vitro and thein vivo assays with different T. gondii strains and isolates.

Isolates Toxo DB- Invitro I'n vivo
/ genotype assay Invasion- assay
Strains replication
index®
Invasion®  Replication® M or bi- Sacrifice Lesions' T. gondii T.gondii  T.gondii IFN-0 1gG titers®
mortality ¢ (%) cysts? DNA in DNAin  Production’ (n)
(%) (%) CNS" lung' (pg/ml)
(%) (%)
1-TgSb #163 443 535 237 6/6 10 dpi 5/6 0/6 6/6 6/6 3.86/3.64 100/50
(100) (83,3) ) (100) (100) (12542/8005)  (4/6;2/6)
2-TgMr #14 143 295 42 6/6 8-9 dpi © 0/6 0/6 6/6 6/6 4.15/4.26 50/25
(100) (0) ) (100) (100) (17333/24288)  (4/6;2/6)
3-RH # 10 310 757 234 ND ND ND ND ND ND ND ND
4-ME49 #3 1108 713 790 0/6 30 dpi 5/6 0/6 5/6 2/6 3.35/3.27 6400/3200
(0) (83.3) (0) (83.3) (33.3) (2977/2227) (4/6:2/6)
5-VEG #2 394 662 260 0/6 30 dpi 4/6 4/6 5/6 5/6 3.51/3.22 12800
(0) (66.6) (66.6) (83.3) (83.3) (3811/1741) (6/6)
References:

& Invasion: average number of PVsat 6 hpi.
b: Replication: average number of the total amount of parasites that showed at least one event of endodiogeny (PVs with 2 or more tachyzoites) at 18 hpi.
. Invasion-replication index: (average invasion 6 hpi * average replication 18 hpi) / 1000.
: Morbi-mortality: total of clinicaly ill and sacrificed animals/ total of infected animals* 100.
: Miceinoculated with 1x10° tachyzoites were sacrificed 8 dpi, while mice inoculated with 1x10° tachyzoites were sacrificed 9 dpi.
Number of mice with CNSlesions/ number of mice inocul ated.
: Number of mice with T. gondii cystsin CNS/ number of mice inoculated.
" Number of mice with T. gondii DNA detection in CNS/ number of mice inocul ated.
' Number of mice with detection of T. gondii DNA in lung/ number of mice inoculated.
I Average val ues obtained from splenocytes stimulated with TLA from RH/and homologous TLA. Vaues were log10 transform for statistical analysis. Original average values
obtained by ELISA (pg/ml) between brackets.
% IFAT final titers: number of mice with 1gG final titer / number of mice inoculated.
dpi: days post infection.
ND: no data.
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HIGHLIGHTS

* Invitro and in vivo behavior of 2 T. gondii atypical isolates was evaluated.

» Atypica isolates showed similar in vitro behavior to the virulent type | strain.

Atypical isolates showed 100 % morbi-mortality in mice with a 10° parasites.
» High virulence was associated with high IFN-[1 in lymphoproliferation assay.

* Low values of invasion-replication index correlated with high virulencein mice.



