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AMAI1-Deficient Toxoplasma gondii Parasites Transiently Colonize
Mice and Trigger an Innate Immune Response That Leads to Long-

Lasting Protective Immunity
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The apical membrane antigen 1 (AMA1) protein was believed to be essential for the perpetuation of two Apicomplexa parasite
genera, Plasmodium and Toxoplasma, until we genetically engineered viable parasites lacking AMA 1. The reduction in invasive-
ness of the Toxoplasma gondii RH-AMA1 knockout (RH-AMA1%) tachyzoite population, in vitro, raised key questions about
the outcome associated with these tachyzoites once inoculated in the peritoneal cavity of mice. In this study, we used AMNIS
technology to simultaneously quantify and image the parasitic process driven by AMA1¥© tachyzoites. We report their ability to
colonize and multiply in mesothelial cells and in both resident and recruited leukocytes. While the RH-AMA1%° population am-
plification is rapidly lethal in immunocompromised mice, it is controlled in immunocompetent hosts, where immune cells in
combination sense parasites and secrete proinflammatory cytokines. This innate response further leads to a long-lasting status
immunoprotective against a secondary challenge by high inocula of the homologous type I or a distinct type II T. gondii geno-
types. While AMAL is definitively not an essential protein for tachyzoite entry and multiplication in host cells, it clearly assists

the expansion of parasite population in vivo.

Toxoplasma gondii certainly belongs to the world champion
class of protozoan parasites with a striking ability to colonize
most warm-blooded vertebrates worldwide. It is responsible for
wildlife and livestock zoonoses with potentially negative socioeco-
nomical impact (1, 2). Remarkably, about a third of the human
population is thought to host quasi-silent parasites that persist
lifelong after a short-lived and mild primary infection, with a
marked tropism for brain and retina tissue reservoirs (3). While
the parasitism that proceeds after primary inoculation typically
offers lifelong protection to fend off new infections in immuno-
competent hosts, immune dysfunction breaks parasite dormancy,
promoting uncontrolled expansion of parasites to eventually
cause encephalitis and meningitis as major secondary diseases (4).

Despite the fact that there is a wider genetic diversity for para-
site genotypes and population structures than previously thought,
with 15 current haplogroups differing in frequency and geo-
graphic distribution (5), the major lineage that persists and causes
damages in human brain is classified as moderately virulent and of
the type IT genotype. Within the type I strains defined as uniformly
virulent in mice, the RH strain, unlike the GT1 genotype, is com-
monly reported as unable to form persistent cysts in mice (6, 7),
although this inability might be the consequence of extensive pas-
sages in laboratories (8).

There are, unfortunately, no effective drugs against the cyst-
enclosed bradyzoite stage in tissue reservoirs and no vaccines to
promote sterile protection against T. gondii (9, 10). Live-attenu-
ated strains are among the most efficient ones to confer immune
protection: genetic modifications that attenuate the infectious po-
tential of a strain in vitro often translate into a short-term infection
in mice and a subsequent variable level of immune protection. For
instance, T. gondii tachyzoites from the RH genotype that were
engineered to simultaneously lack the MIC1 and MIC3 microne-

June 2015 Volume 83 Number 6

Infection and Immunity

mal proteins had a 100% lethal dose (LD, ) in mice of about 2 X
10° parasites whereas the parental strain had an LD,,, of <20
parasites, and surviving mice were protected against a type II in-
fection (11). This double knockout (KO) (AMIC1-3) has shown
vaccination efficacy in protection against T. gondii-induced abor-
tion in sheep (12). A live-attenuated variant of T. gondii was suc-
cessfully created as an uracil auxotroph (cps) strain which invades
cells but does not replicate in the absence of uracil in both healthy
and severely immunodeficient mice (13, 14). Interestingly, this
safe attenuated strain has shown high potency in promoting tu-
mor regression in mice by reversing tumor-associated immuno-
suppression when injected in various aggressive tumors (15, 16).
However, there is only one licensed vaccine (S48 strain; Toxovax),
which is restricted to livestock to reduce miscarriages, congenital
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toxoplasmosis, and cyst burden in skeletal muscles used for hu-
man consumption (17). While the noncystogenic type I RH strain
is of primary relevance for live-attenuated vaccines, this strain is in
addition routinely amenable to gene disruption, and therefore
numbers of “attenuated” phenotypes that relate to parasite motile,
invasive, or replicative properties can be reliably revealed by in
vitro analysis. Finally, the intraperitoneal (i.p.) delivery of either
type I or type II tachyzoites triggers quantitatively and qualita-
tively similar changes in the transcription profiles of the peritoneal
cells, therefore validating type I as a reliable model for assessing
the early mouse immune response to 7. gondii (18).

We have recently engineered clones from the virulent T. gondii
type I RH genotype that lack the apical membrane antigen 1
(AMA1)-encoding gene by applying the diCre-recombinase site-
specific recombination strategy (19). AMA1 is a protein stored in
secretory vesicles called micronemes and is exposed as a trans-
membrane protein over the entire parasite surface following
polarized secretion at the apex (20). While AMAI-deficient
(AMA1 ") tachyzoites glide, egress, and replicate normally, they
display a significant defect in host cell invasion that decreases in-
vasion efficiency in vitro by 2- to 3-fold compared to AMA1™
parasites (19).

To further assess whether AMAL loss in the T. gondii RH strain
would impact the ability of the parasite to colonize cells in vivo, we
applied ImageStream AMNIS technology to simultaneously im-
age and quantify the AMA1 knockout (AMA1%®) tachyzoites in
mice following i.p. inoculation. The AMNIS approach has already
proved valuable to point toward a critical role of infected cells in
initiating T. gondii-specific CD4 " and CD8* T cell responses (21).

We document that AMA1X tachyzoites are capable of invad-
ing and multiplying within distinct resident cell lineages, in par-
ticular, in the mesothelium as well as within homing cell lineages,
although the population expansion remains transient. The rapidly
triggered moderately short-term proinflammatory process ac-
counts for the rapid control of the size of the AMA1XC population
and its clearance from all the leukocytes in the peritoneal cavity, a
process that no longer operates in immunocompromised mice.
We therefore conclude that, in vivo, AMA1 increased the viru-
lence of the strain by promoting an overall invasiveness of
tachyzoites that translated into a rapid expansion of the para-
site population. In line with previous studies performed using
attenuated virulence strains, we also found that the mice para-
sitized with AMA1X° were vaccinated against infection even
after 8 months postimmunization and against a high inoculum
of homologous type I virulent tachyzoites whereas they were
partially protected against infection with a type II cystogenic
strain (22).

MATERIALS AND METHODS

Reagents and mouse and T. gondii strains. Unless otherwise specified,
most reagents, including antibodies (Ab), were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France), while Alexa Fluor secondary
antibodies were obtained from Molecular Probes (Life Technologies, St.
Aubin, France) and DyLight secondary antibodies from Thermo Scientific
(Courtaboeuf, France). For flow cytometry and ImageStream analysis, the
Fc blocking antibodies (clone 2.4G2) and the anti-Ly6G antibody (clone
1A8-Brilliant violet 421) were purchased from BD Pharmagen (Le Pont de
Claix, France) and the F4/80-phycoerythrin (PE) antibody from Af-
fymetrix eBioscience SAS (Paris, France), while the anti-Ly6C/6G anti-
body (clone RB6-8C5; Alexa Fluor 547 or 568) was obtained from AbD
Serotec (Colmar, France). BALB/cByJ, C57BL/6], and CD1 IGS female
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mice (8 to 12 weeks old) were obtained from Charles River Laboratory
(PArbresle, France). The type I T. gondii tachyzoites were of the
RHAIxgprt/ Aku80::diCre (23) and RHAhxgprt/gfp genotypes; the type II
T. gondii tachyzoites were of the ME49 and PruAhxgprt/Aku80 genotypes
(22). Live tachyzoites were collected and purified from synchronously
culturing parasites in mycoplasma-free human foreskin fibroblast (HFF)
cell monolayers (24).

Ethics statement. This study was performed in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the University of Paris Descartes (committee no. 34). The
protocol was approved by the Committee on the Ethics of Animal Exper-
iments of the University of Paris Descartes (permit B75-14-11). All sur-
gery was performed using sodium pentobarbital anesthesia, and every
effort was made to minimize suffering.

Mouse survival assays. Viable parasites (2.5 X 10% to 10°) were in-
jected i.p. or subcutaneously into mice in a 100-pl volume of phosphate-
buffered saline (PBS). For challenge experiments, naive and AMA1¥°-
injected mice received an i.p. injection of 10% (C57BL/6]) or 10° (BALB/c,
CD-1) AMAI1™ parasites 6.5 to 15 weeks after the first injection. T. gondii
strains used in challenge assays also included the type IT ME49 strain, for
which 10? tachyzoites were injected in BALB/c mice that had been inoc-
ulated with 10° AMAIX® tachyzoites 8 weeks earlier. In some experi-
ments, 10> AMA1X parasites were injected i.p. into BALB/c mice immu-
nosuppressed with the glucocorticoid dexamethasone (25) during the 2
weeks preceding the inoculation and thereafter (1 mg/mouse every 2 days
delivered i.p.). In all assays, mouse survival was monitored daily over a
period of 1.5 to 3 months.

Peritoneal fluid harvest and ELISA measurement of cytokine levels.
At days 1, 3, and 5 postinoculation (p.i.), peritoneal fluids from mice
inoculated with warmed PBS, 10° AMAL", AMA1"4%, and AMA1X®
tachyzoites were collected in 1 ml PBS using gentle massage of the perito-
neal cavity. Cells were pelleted and pooled with 1 additional wash of the
cavity, and they were immediately treated for flow cytometry and Image-
Stream analysis as described below. The 1-ml supernatant fractions were
divided into aliquots and stored at —80°C until use. Concentrations of
interleukin-6 (IL-6), CCL2 (also called monocyte chemoattractant pro-
tein-1 [MCP-1]), IL-12p70, tumor necrosis factor alpha (TNF-«), and
IL-10 chemokines and cytokines were measured in triplicate for each
mouse (DuoSet enzyme-linked immunosorbent assay [ELISA] kit; R&D
Systems, Lille, France).

Preparation of peritoneal mesothelial cells. After careful removal of
the peritoneal fluids (see above), the mesothelial cells were selectively
dissociated from the wall according to a protocol which includes in situ
protease digestion (26). The collected mesothelium-constituting cells
were plated and cultured on gelatin (0.1% in PBS)-coated glass coverslips
for 3 to 5 h prior to immunofluorescence assays (IFA).

Imaging ofimmune cells in the peritoneal cavity using ImageStream
analysis. After harvest, the peritoneal cells were incubated on ice with Fc
blocking antibodies (2.4G2, 5 wg/ml) and subsequently with anti-Ly6G
antibodies (1/200 dilution), with anti F4/80-PE antibodies (1/200 dilu-
tion,) and with anti-Ly6GLy6C antibodies (1/300 dilution) (4°C, 20 min).
A total of 10,000 to 35,000 events were recorded using ImageStream
AMNIS technology and excitation lasers with \ values 0f 405, 488, and 658
nm and analyzed with the IDEAS software from AMNIS.

Viability of parasites assessed by plaque assay. Cells (10° and 10°)
collected from the peritoneal fluids were deposited onto a HFF cell mono-
layer cultured in a 6-well plate. After Giemsa staining, plaques were visu-
alized under an Axiovert II microscope using a 40X objective (Zeiss,
Marly-le-Roi, France). Alternatively, time for complete lysis of the mono-
layer was recorded.

WB analysis, IFA, and confocal microscopy. For Western blot (WB)
analysis, whole-cell extracts from 10° AMA1", AMA1X®, and AMA1MAC
parasites were analyzed by SDS-PAGE and Western blotting using mono-
clonal Ab (MAD) B3.90 (20) (1/5,000 dilution) and anti-FLAG antibody
(clone M2; 1/4,000 dilution). The M2AP protein was used as an internal
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FIG 1 Reduced virulence of the AMA1X® parasites in mice. (a and b) AMA1 protein expression detected in whole-cell extracts of AMA1*, AMA1¥®, and
AMA1"46 parasites using anti-AMA1 (top panel) and anti-FLAG (bottom panel) antibodies (M2AP micronemal protein served as a loading control) (a) and in
tachyzoites in host cells (differential inference contrast [DIC] [left] and fluorescent [right] images are shown [AMA1 and AMA1“%, blue; toxofilin protein,
red]) (b). MM, molecular mass. (c) Mouse survival curves for BALB/c, C57BL/6], and CD-1 mice injected i.p. with different doses of AMA1¥? or AMA1 ™" or

AMAT1F4S tachyzoites. Bars, 10 wm.

loading control and detected with polyclonal anti-M2AP antibody (27)
(1/5,000 dilution). Appropriate secondary DyLight 680 or 800 antibodies
were used at a 1/10,000 dilution. Blots were scanned with an Odyssey
Infrared Imaging System (Li-COR Biosciences, Courtaboeuf, France),
and images were processed with Image] software (28).

For IFA, parasites growing in HFF cells for 24 to 32 h were stained with
B3.90 anti-AMA1 (19) and anti-toxofilin (29) antibodies after fixation
with paraformaldehyde (PFA) (2% in PBS). Peritoneal cells were fixed
and subjected to Triton X-100 permeabilization before being incubated
with anti-GRA3 antibodies (1/300 dilution) and with anti-F4/80-PE anti-
bodies (1/100 dilution). Some samples were postfixed in cold 100% meth-
anol (1 min) before being stained with anti-cytokeratin (CK) (panCytok-
eratin; clone C11) (1/200 dilution) or with anti-vimentin (Vim) (clone
V9; Santa Cruz Biotechnology, Heidelberg, Germany) (1/150 dilution)
antibodies. Appropriate Alexa Fluor 568- or 660-coupled secondary anti-
bodies were used at a 1/1,000 dilution. Samples were analyzed under a
confocal microscope (Eclipse Ti; Nikon, Champigny sur Marne, France).
Images were acquired with a CoolSNAP HQ camera (Roper Scientific,
Lisses, France) with Metamorph software (Universal Imaging Corpora-
tion) and processed with Image] and Photoshop software.

Serology control for anti-Toxoplasma antibodies. Blood from
AMAI1X®-inoculated mice was collected from the jugular vein, and sera
were separated from the blood clot by centrifugation (2,000 X g 10 min).
Seroconversion was checked by SDS-PAGE and Western blot analysis
probing whole extracts from 10° extracellular tachyzoites with mouse se-
rum (1/10 dilution) and secondary DyLight 680 or 800 antibodies as de-
scribed above.

Detection of brain cysts and parasite reactivation. Brains from
C57B/6] mice surviving at inoculated doses of 2.5 X 107 and 1.5 X 10°
AMA1X© parasites were collected 15 weeks p.i. DNA was purified from
one half of a mouse brain using TRIzol LS reagent (Life Technologies, St.
Aubin, France), while the other half was controlled for cyst by microscope
analysis. Parasite genomic DNA was detected by PCR or quantitative real-
time PCR (RT-PCR) using specific primers (30) (Tox9 to Tox11), while
DNA from brain of C57B/6] mice inoculated 15 weeks earlier with type II
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Pru:Aku80 parasites served as controls (1 experiment, n = 3 mice per
strain). For BALB/c mice inoculated 15 weeks earlier with 10° or 10°
AMA1% parasites, indirect detection of cysts was obtained by treating the
mice with dexamethasone every 2 days over 1 month. Mice were moni-
tored daily for sign of Toxoplasma-related diseases during 1 month. In
challenge assays with the type II strain, BALB/c mice inoculated with 10°
AMAIX® parasites 8 weeks earlier and naive mice were challenged with
10°> ME49 tachyzoites. Protection was evaluated 6 weeks postchallenge by
microscopic examination of brain homogenates from one half of a brain
and by quantification of parasite transcripts by quantitative PCR (qPCR)
as described in reference 31.

Statistical analysis. Statistical analyses were performed using Prism
Graphpad software. The two-tailed Student’s f test was applied to all data,
and the results were classified as nonsignificant (NS) for P values of >0.05
and as significant (*), highly significant (**), and very highly significant
(***) for P values of <0.05, <0.01, and <0.001, respectively.

RESULTS

Mice resist high doses of type I AMA1¥° tachyzoites. We have
previously demonstrated that a lack of AMAL results in about a
50% loss in population invasiveness in vitro. To assess whether this
phenotype could impact parasite fitness in vivo, we inocu-
lated BALB/c mice i.p. with different doses of type I tachyzoites
(RHAhxgprt:Aku80::diCre strain) expressing either endogenous
AMA1 (DiCre-AMA1" = AMA1") or an AMA1-FLAG fusion as
a replacement for AMAI (DiCre-AMAI® LAG = AMA1FMS) or
yellow fluorescent protein (YFP) instead of AMA1 (DiCre-YFP™-
AMAIX® = AMA1%°) (23) (Fig. 1a and b), and we monitored
survival over a period of a minimum of 2 months. In 3 separate
experiments (#n = 5 mice per assay per strain), mice injected with
10° and 10> AMA1™ parasites died within 11 and 7 days postinoc-
ulation (p.i.), respectively, whereas all those inoculated with
AMAI1X® parasites survived (Fig. 1c, left panel). Of note, mice
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infected with 10° AMA1X® parasites survived but a few showed
transient signs of mild pathology (one experiment, n = 5 mice per
strain, data not shown). Additionally, we used C57BL/6] mice,
reported to be more susceptible to different clonal strains of T.
gondii. While inoculation of 2.5 X 10> AMAL™ parasites was
enough to kill C57BL/6] mice within 10 days (one experiment, n =
5 mice), these mice survived challenge with 2.5 X 10? and 1.5 X
10° AMA1X® injected parasites (n = 5 mice per dose) (Fig. 1c,
central panel). Finally, the robust outbred CD-1 mice (32) resisted
challenge with 10* to 10° AMA1*® tachyzoites whereas they suc-
cumbed within 9 days when injected with 10° AMA1™
tachyzoites (one experiment, n = 4 mice per dose) (Fig. lc,
right panel). Similar survival phenotypes were observed when
10° and 10° AMA1X® tachyzoites were administered subcuta-
neously to BALB/c mice, while 10> AMA1™" parasites killed
mice within 11 days (one experiment, n = 4 mice; see Fig. Sla
in the supplemental material). Importantly, reintroduction of
a FLAG-tagged copy of AMALI into the AMA1X© strain (Fig. 1a
and b) that restored the parental invasiveness in vitro reestab-
lished the lethal phenotype in both BALB/c and C57BL/6]
mouse strains following i.p. delivery (Fig. 1c, left and central
panels), thereby suggesting that AMA1 acts as a novel impor-
tant virulence determinant in vivo.

AMAT1X© tachyzoites induce a short-term proinflammatory
response following intraperitoneal inoculation. Parasite deliv-
ery in the peritoneal cavity of mice typically activates leukocytes
and nonleukocytic cells to rapidly produce chemokines, in partic-
ular, the chemotactic CCL2 (also called MCP-1) protein that
drives an influx of Gr1™ inflammatory monocytes (33). These
monocytes promote gamma interferon (IFN-vy) synthesis by pro-
ducing interleukin-12 (IL-12) and tumor necrosis factor alpha
(TNF-a) and are critical to elicit an efficient innate response dur-
ing infection by a type II persistent strain (34—36). In the case of
type I strains, tachyzoites largely gain their virulence by escaping
the IFN-vy-dependent IRG (immunity-related guanosine triphos-
phatase) killing activity and the subsequent clearance of infected
host cells (37). The essential virulence factors responsible for this
activity are now well identified as members of the polymorphic
rhoptry-secreted kinase family (ROPs) that work in a combined
way to avoid the IRG recruitment to the parasite-containing vac-
uoles (38). The resulting uncontrolled burst of the tachyzoite pop-
ulation, together with activation of macrophages and dendritic
and NK cells and the deleterious effects of neutrophils at the in-
flamed tissues, eventually causes animal death (35, 36).

We characterized the cytokine/chemokine profiles in the
peritoneal exudates of BALB/c mice inoculated with PBS or
with 10° parasites from AMA1-expressing strains (AMA1™" and
AMAI4S) or from the AMAIX® strain at different time
points p.i. (1 mouse each for PBS and AMA1"™% and 2 to 3
mice for both AMA1" and AMAIX® at each time point; one
experiment representative of three experiments) using ELISA.
Comparing the results to those seen with the PBS control in-
jection, we found a high increase in IL-6 secretion by mice
inoculated with AMA1-expressing tachyzoites that exceeded
2,800-fold at day 3 p.i. and reached 1,490-fold at day 5 p.i.
whereas it rose to only 335-fold in mice inoculated with
AMA1%€ tachyzoites at day 3 p.i. and declined quickly at day 5
p.i. (Fig. 2a, left histogram). The rapid induction of CCL2 fol-
lowing injection of parasites was also more pronounced in
mice inoculated with AMA1-expressing strains, but the differ-
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ences between these mice and those injected with AMA1%®
tachyzoites were only 2.4-fold and 3.7-fold at days 1 and 3 p.i.,
respectively (Fig. 2a, central histogram). Interestingly, sub-
stantial levels of IL-12 secretion (measured using IL-12p70),
which are usually associated with type II strain infection, were
rapidly detected 1 day p.i. and remained within the same range
of increase in mice inoculated with tachyzoites expressing or
lacking AMA1 (300-fold or 200-fold, respectively), decreasing
thereafter to almost the control level at day 5 p.i. (Fig. 2a, right
histogram). Finally, while TNF-a was barely detectable in any
of the mice analyzed, the counterinflammatory IL-10 cytokine
known to downregulate IL-12 production was detected only
weakly in AMA1 " -infected mice and remained undetectable
upon injection of AMA1¥® tachyzoites (data not shown).
Therefore, the relatively minimally inflammatory process ob-
served following i.p. injection of AMA1%® tachyzoites was un-
likely to have resulted from counteracting anti-inflammatory
activities.

In addition, the extent of proinflammatory cytokine/chemo-
kine secretion in response to AMAl-expressing or AMA1XC
tachyzoite injection concurred with increasing amounts of cells
harvested in the peritoneal cavity: compared to PBS injection, an
increase of about 2.5-fold was observed as early as 1 day p.i., re-
gardless of the parasite inoculum (Fig. 2b, 1 representative exper-
iment of 3 separate assays, triplicate). However, the amount of
cells rose with time only slightly in mice that were injected with
AMAIX® tachyzoites whereas the increase rapidly exceeded
10-fold in mice inoculated with either AMA1" or AMAI"A¢
tachyzoites (Fig. 2b). Collectively, these data demonstrate that the
loss of AMA1 significantly impacts the parasite-driven immuno-
logical process(es) in mice. More specifically, the parasite popula-
tion lacking AMA1 induces a moderate and short-term proin-
flammatory early innate response involving IL-6, CCL2, and IL-12
secretion, which associates with a modest recruitment of immune
cells compared to the levels seen with the wild-type and comple-
mented parasite populations.

AMA1X© tachyzoites colonize resident and recruite leuko-
cytes in the peritoneal cavity after inoculation. We next verified
whether AMA1-lacking parasites could parasitize the cells homing
in the peritoneal cavity in response to inoculation. First, a fraction
of the peritoneal cells collected at different times p.i. was observed
in situ after these had spread on a gelatin substrate and following
immunostaining of the dense granule (GRA3) tachyzoite protein.
This label was used as a proof of tachyzoite multiplication, since
GRA3 is secreted into the parasitophorous vacuolar (PV) space
and associates with the parasitophorous vacuolar membrane
(PVM) during intracellular growth (Fig. 3a, white arrowheads)
(39). In addition, mutant but not wild-type tachyzoites were de-
tected by green fluorescence because the YFP-encoding sequence
is inserted at the AMATI locus in the RH-AMA1X® genome (see
Fig. laandb). Qualitative cell analysis of peritoneal exudates from
mice inoculated with either AMA1™" or AMA1X® tachyzoites re-
vealed PVs containing up to 2 parasites as early as 7 h p.i. and PVs
enclosing between 1 and >8 tachyzoites at 32 to 35 and 72 h p.i.
(Fig. 3a). These observations attest that both parasite populations
had undergone several rounds of replication, and, as expected, the
higher AMA1X® tachyzoite inoculum resulted in larger initial
amounts of infected cells (Fig. 3a, right panel, white arrows, and
data not shown).

We then simultaneously identified and imaged peritoneal cells
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FIG 2 AMAI1X® tachyzoites induce a moderate proinflammatory cytokine response. (a) IL-6, CCL2, and IL-12 cytokine concentrations in the peritoneal cavity
of mice inoculated with PBS, AMA1¥?, AMA1 ", and AMA1" at days 1, 3, and 5 p.i. Data represent the results of one experiment representative of three
independent assays and are expressed in severalfold values with PBS as a reference. (b) Fluorescence-activated cell sorter (FACS) enumeration of cells collected
in the peritoneal exudates at days 1, 3, and 5 p.i. Data represent mean values * standard errors of the means (SEM) of the results of 1 assay representative of 3.

in mice inoculated with parasites expressing or not expressing
AMAL1, using the ImageStream AMNIS technology. To detect cells
that hosted parasites, we used RH green fluorescent protein
(GFPT)-AMAI1™ (= GFP*-AMA1™) tachyzoites as controls be-
cause they are fluorescent and their survival rate in mice was pre-
viously described as being of the same range as that seen with the
RHAhxgprt:Aku80::diCre strain (8). Nonimmune cells and tissue-
resident macrophages as well as inflammatory monocytes and
neutrophils were recognized using combinatory sets of antibodies
directed against surface proteins that commonly served as cell
subset markers (see Materials and Methods). Analysis of 11,000 to
35,000 peritoneal cells for each mouse and time point (n = 2 mice
per time point except for PBS results analyzed at day 1 p.i. only and
with #n = 2 mice in 2 separate assays) revealed that the F4/80™
Ly6C/6G™ population constituted the dominant inflowing popu-
lation within 3 days post-tachyzoite inoculation and that the re-
sults were independent of AMA1 expression (Fig. 3b). As ex-
pected, we also observed a transient recruitment of F4/80™ Ly6C/
6G™ cells, likely Gr1 " inflammatory monocytes, in particular, for
the AMA1¥®-inoculated mice, that peaked between days 3 and 4
p.i. and declined further (Fig. 3b). The reduction in Gr1™ inflam-
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matory monocytes correlated with a relative increase in the num-
bers of F4/80" Ly6C/6G~ macrophages, an observation consis-
tent with the reported capacity of the former to differentiate into
macrophages (40).

Regarding the rate of infection, data analysis showed a rapidly
occurring gap between the two parasite populations in the num-
bers of parasite-positive cells. They scored at 4.2% and 59.2% of
total cells for AMA1¥C and AMAL™" 4 days p.i., respectively, and
these rates decreased thereafter for the former population whereas
they continued to rise for the latter (Fig. 3¢; data are given for 1
experiment representative of 2, n = 2 mice for each time point). At
this maximal rate of infection, AMA1X® tachyzoites were predom-
inantly (53.45%) observed in F4/80" Ly6C/6G™ inflammatory
monocytes (Fig. 3d, day 4). In addition, F4/80™ Ly6C/6G~ leuko-
cytes, which represented the resident macrophage subpopulation,
accounted for 6% of the infected peritoneal cells and the remain-
ing 28.5% cells were detected as F4/80~ and Ly6C/6G*. At a later
time (i.e., day 5 p.i.), the proportion of resident macrophages
hosting AMA1X® tachyzoites markedly increased (up to 56.4%;
see Fig. 3d), although this cell subset represented about 20% of the
collected peritoneal cells (Fig. 3c). Furthermore, when the in-
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fected peritoneal cells were imaged by AMNIS, we detected the
three leukocyte populations but we noticed that F4/80" Ly6C/
6G* (GR1" inflammatory monocytes) as well as F4/80~ Ly6C/
6G™ cells often carried distinct AMAIKO—containing vacuoles,
each likely to support parasite replication (Fig. 3e, white arrows).
Of note, similar observations were also made for the AMAI™-
infected cells (Fig. 4a; the white arrows point to possibly distinct
vacuoles). Finally, we could also detect Ly6C/6G™ monocyte in-
side a F4/80" macrophage, indicating phagocytic uptake of
AMAI1 " -infected leukocytes (Fig. 4a, bottom panel).

Because the F4/80~ and Ly6C/6G™ leukocyte subsets include
neutrophils, dendritic cells, and subpopulations of lymphocytes,
we next used the Ly6G marker (clone 1A8) (41) to specifically
discriminate neutrophils in the population of infected cells. Cell
imaging revealed that both AMA1X® (Fig. 4b, top panel) and
AMAI1™" (Fig. 4b, bottom panel) tachyzoites were hosted in these
F4/80~ Ly6C/6G™ Ly6G ™ -positive cells, i.e., in neutrophils, where
they likely multiply, considering the number of closely apposed
individuals inside the cells (Fig. 4b, white arrows and arrow-
heads). In addition, AMNIS quantification revealed that the neu-
trophils constituted a substantial subset of the infected cells for
both the mutant and the wild-type parasites, which, however,
reached more than 40% for the latter and was thereby shown to be
significantly higher than for the AMA1*® parasites (Fig. 4c). Of
note, the proportion of Ly6C/6G~ Ly6G™ hosting parasites was
also important and significantly higher for the AMA1 mutant
population, which is consistent with the quantification presented
in Fig. 3d. Collectively, these data highlighted that both AMA1™"
and AMA1%© parasites grew in resident and homing leukocytes at
the site of inoculation and suggest subtle preferences for both
Gr1™ monocytes and macrophages in the leukocyte repertoire
hosting the AMA1¥® over neutrophils, the latter being dominant
in the case of AMA1" parasites.

Interestingly, despite the difference in the parasite loads, the
replicative property of AMA1X? seemed unaffected since statisti-
cally similar percentages of either single parasites or multiple (>2)
parasites per cell characterized the AMA1"-GFP and AMA1X°-
YFP-positive cells at day 4 p.i. (Fig. 4d). Finally, while the amounts
of AMA1X? tachyzoite-associated cells subsided over time to
reach levels below 1% at days 8, 12, and 15 p.i. (data not shown),
these were distributed equally between the F4/80" Ly6C/6G™ in-
flammatory monocyte cell populations and the F4/80~ Ly6C/6G™
neutrophil cell populations (Fig. 4e, upper panel; the amounts of
total peritoneal cells and of the infected subset analyzed by Im-
ageStream are indicated on top of each column for each time
point). Of note, these rare infected cells most often carried a single
tachyzoite. Since most images showed round parasites (Fig. 4f,
white arrowhead) inside F4/80~ Ly6C/6G " cells, with some being
themselves engulfed in F4/80™ cells (white arrow), this suggests
that a macrophage phagocytic activity could contribute to the pro-
cess of parasite clearance. Of note, because YFP fluorescence in
phagosomes is pH and halide sensitive, while GFP fluorescence is
only pH sensitive, the results of comparison of the Toxoplasma
YFP *-associated signal (AMA1%°) to the GFP" signal (AMA1™")
could be slightly biased, as previously reported with other strains
(21). However, the transient increase of the AMA1¥® parasite bur-
den in the first days of infection and the observation of few cells
positive for AMA1%® round parasites at days 8, 12, and 15 p.i. in
healthy mice, at times at which the mice infected with GFP*-
AMAI1™ had already succumbed, indicate that if there was an
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impact in fluorescence signals to measure parasite fate with
time, it was minor. Finally, while specific Toxoplasma antibodies
could act in concert with macrophages to control infection, we did
not observe significant amounts of free AMA1X® tachyzoites in
peritoneal fluids from infected mice, regardless of the kinetics of
infection, whereas exudates from AMA1™-infected mice were
commonly contaminated by free tachyzoites, in particular, from
day 3 p.i. (data not shown). Accordingly, the reduction in the
AMAI1X® parasite load observed over time correlated with the
increase in time required for peritoneal cell samples to lyse an HFF
monolayer in plaque assays and confirmed that most AMA1XC
parasites were cleared from the peritoneal cavity in less than 2
weeks (Fig. 4e, bottom panels).

AMAT1° tachyzoites colonize mesothelial cells in the perito-
neal tissue and expand massively in immunocompromised
mice. We further analyzed whether mesothelial cells lining the
serosal peritoneal cavity and in contact with the inoculum could
also host parasites. Using a protocol that includes careful but ex-
tensive peritoneal washes to efficiently remove macrophages,
monocytes, and lymphocytes, followed by a protease-directed di-
gestion of the mesothelium that dissociates the constituting me-
sothelial cells (26), we analyzed at day 3 p.i. those that adhered,
spread, and survived on gelatin-coated coverslips and found they
were all F4/807, two criteria that distinguish mesothelial from
hematopoietic cells. In addition, mouse mesothelial cells have
been shown to express vimentin (Vim) and cytokeratin (CK) in-
termediate-filament (IF) proteins during short-term culture, the
former taking over with time (26, 42—44). Among cells recovered
from the mesothelium wall at day 3 p.i., 28% = 5.2% cells were
found positive for vimentin (Vim ™) whereas about 11.5% * 2.8%
were found positive for cytokeratin (CK™¥) (n = 500 cells, tripli-
cate, 1 experiment representative of 3 to 4 independent experi-
ments with n = 2 different mice per strain) (Fig. 5). The other cells
were negative for both IF markers, probably as a consequence of
the network disassembly that occurs during cell cycle and senes-
cence (45, 46). We detected AMA1*® and AMA1" parasites
within GRA3™ vacuoles in the well-spread cells (Fig. 5, top panels,
white arrows): after inoculation of 10° AMAIX® tachyzoites,
about 11% of the sampled mesothelial cells (# = 500 cells, tripli-
cate for n = 2 mice) contained growing AMA1X® parasites and
42% of these were expressing vimentin (1 = 100 cells, triplicate for
n = 2 mice) (Fig. 5, left bottom panel, white arrows). In parallel, in
mesothelial cells collected from mice inoculated with 10> AMA1™
tachyzoites, we found heavily Vim™- or CK™-infected cells to-
gether with large numbers of free parasites, an observation that fits
with extensive tissue damage and parasite release (Fig. 5, right
panels).

Importantly, when mice received the glucocorticoid dexa-
methasone that exerts anti-inflammatory and immunosuppres-
sive effects (47) prior to receiving 10° AMA1X? and thereafter,
they failed to control parasite population expansion and died
within 8 to 12 days, whereas the immunocompetent infected mice
and the immunocompromised but noninfected counterparts all
survived (1 experiment, #n = 4 mice per group, data not shown). In
immunocompromised mice, 22% * 5.5% and 27% * 3.8% me-
sothelial and peritoneal cells, respectively, permissive to parasite
growth were detected as early as 2 days p.i. (n = 500 cells, duplicate
experiments for n = 2 mice; see Fig. S2 in the supplemental ma-
terial). These data document the mesothelium as permissive to
both AMA1™" and AMA1¥® tachyzoites, in the restricted context
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of the peritoneal route of infection. However, one could consider
the contribution of mesothelial cells from other anatomical ori-
gins, including pleural and pericardial cells that are known to
share structural and functional properties (44), in particular, dur-
ing reactivation of the parasitic process from these corresponding
organ reservoirs. Collectively, these results support the idea of a
significant contribution of functional resident and homing leuko-
cytes in the control of the AMA1X® population.

Mice infected with AMA1© parasites seroconvert and are
protected against secondary challenges. Since AMA 1% parasites
established only transiently in mice, we next investigated the im-
mune status of these mice. First, in the BALB/c, C57BL/6]J, and
CD-1 mouse genotypes, we observed that most mouse sera con-
tained anti-Toxoplasma antibodies (Fig. 6a; in the left panel, the
doses of AMA1X® inoculum are indicated on top of each lane; in
the right panel, the number of mice serologically tested is indi-
cated on top of each column). Second, we checked whether these
mice were immunized against i.p. challenges with type I and II
Toxoplasma strains. While BALB/c naive mice inoculated with 10°
AMAL1™" (type 1) parasites died within 6 days, those that were ini-
tially injected with either 10° or 10° AMA1X® parasites 8 to 10
weeks earlier survived the challenge over the assay period of 60
days (3 independent experiments for 10° parasites and 1 experi-
ment for 10° parasites, # = 5 mice per dose and per assay) (Fig.
6b). The protection went down to 18% when a lower AMA1¥®
dose (10> AMA1X® parasites) was first injected (Fig. 6b, 2 inde-
pendent experiments, # = 5 and 6 mice, respectively), which is
consistent with the variable rate of seroconversion (Fig. 6a), and it
was also reduced for the subcutaneous route of immunization (see
Fig. S1b in the supplemental material). A rather long-lasting im-
munity was conferred to C57BL/6] mice immunized with 2.5 X
10% and 1.5 X 10> AMA1*® tachyzoites and challenged 15 weeks
later with the lethal dose of 10° AMA1™ tachyzoites (1 experiment,
n = 3 mice per dose) (Fig. 6b, middle), while immunity lasting
more than 8 months was mounted in BALB/c mice immunized
with 10> AMA1*® tachyzoites which resisted challenge with 10°
virulent tachyzoites (1 experiment, n = 7 mice) (data not shown).
Regarding the CD-1 mice, they also survived challenge with 10°
AMAL1" tachyzoites when they were immunized with 10* or 10°
AMAI1X® parasites (1 experiment, # = 4 mice per dose) (Fig. 6b).
Finally, 60% of BALB/c mice immunized with 10> AMA1*® par-
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asites and challenged 8 weeks later with 10° type II ME49
tachyzoites gave negative results by qPCR for the presence of par-
asites in their brain whereas 100% of the nonimmunized mice
gave positive results (1 assay, n = 2 and 5 for control and immu-
nized mice, respectively) (Fig. 6¢).

DISCUSSION

AMAL1 is a protein that is structurally highly conserved across the
Apicomplexa phylum (48), and T. gondii tachyzoites and Plasmo-
dium merozoites lacking AMA1 are significantly reduced in their
invasive potential, unlike Plasmodium sporozoites, but the exact
mechanism of the AMA1 contribution(s) to invasion remains a
matter of debate (19, 49-51). We therefore asked whether AMA1
loss would affect the Toxoplasma-induced parasitic process in lab-
oratory mice of different genotypes and, if so, what the conse-
quences would be for the immune innate and adaptive responses
triggered by the parasites.

We found that, in contrast to the AMA1-expressing tachyzoites,
the uncontrolled development of which resulted in an uncontrolled
and lethal inflammatory process, the AMA1*® population did estab-
lish progenies within distinct cell lineages, but only transiently, and
mice accordingly survived the infection. After i.p. inoculation of
tachyzoites into BALB/c mice, the lack of AMA1 did not prevent the
rapid colonization of (i) the mesothelial cells that line the peritoneal
cavity wall, (ii) resident macrophages, and (iii) leukocytes recruited
within this peritoneal environment, but the population declined, be-
coming undetectable after 2 weeks. AMA1*® parasite clearance was
ascertained as no signs of secondary toxoplasmosis were ever ob-
served when inoculated mice received the immunosuppressive dexa-
methasone and no T. gondii-specific DNA was ever detected in
brain of mice surviving the infection (see Fig. 3 in the supplemen-
tal material).

Of note, this report documents that T. gondii parasites infect
mesothelial cells within few hours post-parasite delivery in the
peritoneal cavity, and this held true for both the AMA1™ and
AMAT1X® parasite strains. Because these cells sense and respond to
signals within their tissue milieu, they play central roles in perito-
neal homeostasis and inflammation by producing multiple medi-
ators, including CCL2, IL-6, and TNF-a cytokines (43, 44, 52).
Therefore, their early interaction with tachyzoites expressing or
not expressing AMALI is likely to initiate and contribute to the
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i.p. injected with 10° type I1 (ME49) tachyzoites 8 weeks later. A T. gondii RT-PCR assay was performed on brain tissue extracts 6 weeks postinfection, and data
are calibrated with known numbers of parasites.

signaling cascades typifying the immune processes. In situ Im-

and neutrophils that were associated with single and/or abnor-
ageStream analysis revealed that during the transient phase of ex-

mally shaped parasites could be engulfed in macrophages,

pansion, AMA1¥® tachyzoites invaded and multiplied in various
leukocytes but preferentially in the Gr1 ™ monocyte homing sub-
set. Interestingly, the frequency of cells harboring two or more
vacuoles was surprisingly high whereas the global level of cell in-
fection remained low, thus possibly reflecting selective phagocy-
tosis of infected cells by other infected cells. On the other hand, a
few images, in particular, those corresponding to the period when
the population started to decline, showed that both the monocytes
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pointing to a process of clearance of parasites and hosting cells.
Importantly, when the mouse immune responses were com-
promised prior to inoculation and thereafter, the AMA1X®
population rapidly and extensively expanded throughout tis-
sues and eventually killed the host, thereby demonstrating that
the AMA1X tachyzoites had retained intrinsic infectious ca-
pabilities.

However, the rapid control of the AMA1*® population in im-
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munocompetent mice was clearly associated with a lower overall
capacity of these mutants to proliferate. Since the replicative po-
tential per se of the zoites seemed unaffected within the early phase
of parasitism, an overall deficiency in invasiveness compared to
that of the AMA1™ population is plausible, and this observation
recalls what has been described under in vitro conditions. There is,
however, no way to precisely assess in vivo at which preinvasive or
invasive step AMA1X© tachyzoites are deficient. Interestingly, de-
spite the expression of AMA1 homologues that has been acknowl-
edged in several AMAI®® lines (19, 50), the in vivo phenotype of
AMAI1X® parasites has remained stable over the years of study and
can be complemented only under conditions of expression of an
exogenous copy of AMAT (AMA17< strain). More specifically,
the outcome of the inoculation of AMA1¥® parasites in mice did
not vary within the 2-year study despite long-term in vitro parasite
culture. While a modest gain in in vitro invasiveness of the
AMAI1X® tachyzoites over 12 months of culture has been recently
assigned to the expression of AMA1 homologues (50), the
AMAI1X€ line which expresses AMA1 homologues (19) remained
impaired in fitness, consistent with a quite minor compensation
for loss of AMAL1 that remains inefficient at restoring the overall
expansion potential of the parasite population in its host. Inter-
estingly, the results of our study are also in line with the idea that
the invasive capability of the zoite crucially determines the popu-
lation fate in vivo, thereby validating the interest in designing anti-
invasive strategies for intervention against apicomplexan para-
sites.

Since the AMA1¥©-driven immune processes promoted sero-
conversion, we also tested whether mice were immunized against
secondary challenges with different T. gondii strains. We report
full and lasting protection against a high inoculum of the lethal
type I strain in the 3 mouse genotypes tested when AMA1XC
tachyzoites were initially delivered i.p. and a more variable pro-
tection after a primary challenge delivered subcutaneously. Im-
portantly, after the secondary challenge with the cystogenic type I
MEA49 strain, we noticed a lower level of parasitism in the mouse
brains.

In conclusion, this work demonstrates that a lack of AMA1
does not prevent host cell infection within distinct host cell subsets
in laboratory mice. The early innate immune response elicited by
the parasitism implicates short-term and moderate secretion of
proinflammatory cytokines and further proceeds to an immune
status protective against reinfection. However, whether the defect
in the virulence of the AMA1-deficient strain results not only from
the reduction of AMA1™~ parasite invasiveness but also from an
increased immune control of AMA1 ™ parasites remains to be ad-
dressed. Future studies might then bring valuable insights into
how the host immune system senses and processes early phases of
parasitism to design efficient strategies against adverse effects of
parasite persistence, or against acute primary toxoplasmosis,
which is now also diagnosed in immunocompetent humans (53).
This work should also pave the way for further investigations of
the vaccinal properties of AMA1-deficient zoites of other eco-
nomically important Apicomplexa parasites.
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