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Abstract: The apicomplexan Toxoplasma gondii (Nicolle et Manceaux, 1908) secretes a group of serine/threonine kinases from rhop-
tries, which play vital roles in boosting intracellular infection. Toxoplasma gondii rhoptry organelle protein 17 (ROP17) is one of these
important kinase proteins. Nevertheless, its function remains unclear. Here, we showed that ROP17 induced autophagy in vitro and
in vivo. The autophagy of small intestine tissues of 7. gondii tachyzoite (RH strain)-infected mice was detected by the immunohisto-
chemistry staining of LC3B, Beclin 1 and P62. ROP17 overexpression augmented starvation-induced autophagy in HEK 293T cells as
measured by MDC staining, transmission electron microscopy (TEM), fluorescence microscopy and Western blot analysis. Moreover,
the interaction of ROP17 and Bcl-2 was confirmed using co-immunoprecipitation analysis, and the data demonstrated that ROP17 had
an autophagic role dependent on the Beclin 1-Bcl-2 pathway, which was also revealed in an in vivo model through immunohistochem-
ical staining. Pearson coefficient analysis showed that there existed strong positive correlations between the expression of ROP17 and
LC3B, Beclin 1 and phosphorylation of Bcl-2, while strong negative correlations between the expression of ROP17 and p62 and Bcel-2.
Collectively, our findings indicate that ROP17 plays a pivotal role in maintaining 7. gondii proliferation in host cells via the promotion

of autophagy-dependent survival.
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Toxoplasma gondii (Nicolle et Manceaux, 1908) is an
obligate intracellular parasite capable of infecting various
warm-blooded animals, including avian and mammalian
species, with approximately one-third of the global human
population being infected (Saeij and Frickel 2017). Most
people infected with 7. gondii are asymptomatic; however,
severe diseases such as encephalitis are shown in immu-
nocompromised patients (Montoya and Liesenfeld 2004).
Toxoplasma gondii has high proliferation and mobile po-
tential and can spread among different host tissues and
body fluids (Kaye 2011). This parasite invades the central
nervous system (CNS) by hijacking leukocytes to use them
as shuttles, which enables extravasation across the blood-
brain barrier (BBB) (Santiago-Tirado and Doering 2017).
In addition, dendritic cells (DC) and monocytes are impor-
tant in 7. gondii invading CNS (Sanecka and Frickel 2012,
Schneider et al. 2019).

Tachyzoites of 7. gondii proliferate in parasitophorous
vacule and secrete a large set of proteins, including dense

granule proteins (GRAs) and rhoptry organelle proteins
(ROPs), which resist host cell functions. These proteins
reach the host cytosol through either direct injection or
translocation across the parasitophorous vacuolar mem-
brane (PVM) (Panas et al. 2019). Most known ROPs are
phosphokinases that belong to the serine/threonine (S/T)
kinase family, ROP2 (El Hajj et al. 2006). ROP2-like ki-
nase ROP18 has been extensively studied for its defence
mechanism against immunity-related GTPases (IRGs) that
are generated in response to up-regulation of IFN-gamma
to kill the parasites in PVM (Taylor et al. 2006, El Hajj et
al. 2007, Hermanns et al. 2016). ROP17, serine/threonine
protein kinase that resides on the host cytosol side of the
PVM in infected cells, has previously been shown to phos-
phorylate and thereby inactivate host immunity-related
GTPase in collaboration with ROP18 and ROP5 (Ether-
idge et al. 2014). However, detail function of ROP17 re-
mains unknown.
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Autophagy is a response to conserved cell-autonomous
catabolic stress dedicated to the breakdown of cellular ma-
terial and cell content recycling. Apart from its homeostat-
ic role, autophagy is involved in the clearance of patho-
gens and the provision of nutrients for pathogen survival
(Gomes and Dikic 2014). Infection with 7. gondii leads
to parasite death via autophagy when activated by CD40,
rapamycin or when the pathways utilised by the parasite
to subvert autophagic targeting are inhibited (Van Grol et
al. 2013, Subauste 2019). However, the parasite can also
take advantage of autophagy in host cells to promote their
proliferation (Gao et al. 2014). In order to reveal the modu-
latory role of ROP17 on autophagy, autophagy in the small
intestine of 7. gondii-infected mice was analysed. /n vitro
assay, an ROP17-containing eukaryotic expression plasmid
was transfected into HEK 293T cells, and the autophagy of
the transfected cells was assessed. Furthermore, we iden-
tified the intracellular signalling pathways involved in the
ROP17-mediated activation of autophagy.

MATERIALS AND METHODS

Preparation of rabbit anti-Toxoplasma gondii ROP17 serum

Tachyzoites of the virulent 7. gondii RH strain were main-
tained by intraperitoneal passage in BALB/c mice (from the In-
stitute of Laboratory Animal Science of the Chinese Academy
of Medical Science, Beijing, China) and were collected from
peritoneal exudates 72 h after infection with 1 x 10° tachyzoites.
Parasites obtained from the peritoneal exudate were washed three
times with PBS solution by centrifugation at 1,000 g and resus-
pended in PBS.

Purified T gondii ROP17 protein (TgROP17) was prepared
according to our previous study (Wang et al. 2014) and the an-
tiserum against 7gROP17 was produced in two male New Zea-
land rabbits (body weight: ~ 2.0-2.5 kg). Before challenge, a 5
ml peripheral blood sample was collected from each rabbit ear
vein for the preparation of a pre-immune or negative control. The
TgROP17 protein (500 pg) was intradermally injected into the
backs of the rabbits, and the same dose was used in four boosters
administered every 10 days thereafter. Blood was taken from the
marginal ear vein 10, 20, 30 and 40 days after the first challenge
and on the 10th day after the final challenge. In addition, a blood
sample was obtained from the jugular vein for detecting of 7. gon-
dii-specific antibody using enzyme-linked immunosorbent assay
(ELISA) with TgROP17 used as a coating antigen. The serum
phase was obtained by centrifugation separation at 2,300 g for 10
minutes at 4 °C. After removing the precipitated residues, 0.02%
NaN;, was added to the blood serum, which was stored at -80 °C.
All experimental animal procedures were approved by the Ethics
Committee of Animal Experiments of Shanxi Medical University
(permit Nos. 20110320-1 for mice experiment and 20180206-1
for rabbit experiment).

The titre of the ROP17 antiserum was detected by direct coat-
ing ELISA according to the published method (Chen et al. 2004).
Ninety six microtitre plate (Corning, Corning, NY, USA) was
coated with 100 ng/100 pl of purified GST-ROP17, and blocked
with PBST containing 1% bovine serum albumin (BSA) for 2 h
at 37 °C. The anti-ROP17 polyclonal antiserum was diluted to
different concentrations (1 : 1,000; 1 : 2,000; 1 : 4,000; 1 : 8,000;
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1:16,000; 1 :32,000; 1 : 64,000; 1 : 128,000; 1 : 256,000; and 1
:512,000) with 1% BSA and incubated for 2 h at 37 °C. Then, the
plate was incubated for 1 h with goat anti-rabbit IgG-HRP (Sig-
ma, Burlington, MA, USA) diluted to 1 : 2,000 with 1% BSA.
Tetramethylbenzidine (TMB) chromogenic reagent (Boster, Wu-
han, China) was added to the plate that had been washed with
TBST. After 50 ml of 2 M H,SO, was added to plates to stop the
reaction. The absorbance was measured at 450 nm by an ELISA
plate reader (Epoch Multi-Volume Spectrophotometer System,
BioTek, Winooski, USA).

Immunohistochemistry

The small intestine tissues of 7. gondii tachyzoites-infected
mice or normal mice were collected in our previous study (Wang
et al. 2016) and used for immunohistochemistry assay. The small
intestine was stored overnight in 4% paraformaldehyde at 4 °C.
The 5 um thick sections were prepared and incubated overnight
at 4 °C with ROP17 (dilution 1 : 200), LC3B, Beclin 1, p62, Bcl-
2 and phospho-Bcl-2 (Ser70) antibodies (dilution 1 : 100) after
the endogenous peroxidase activity was blocked, followed by
incubation with horseradish peroxidase-coupled goat anti-rabbit
secondary antibody at 37 °C for 1 h and staining with 3,3’-diami-
nobenzidine. The samples incubated with rabbit serum instead of
indicated primary antibodies were used as negative control. One
hundred cells were captured randomly in a field of view under the
microscope (CX33, OLYMPUS, Tokyo, Japan) and the percent-
age of the positive cells was calculated.

Cell culture and transfection

HEK 293T cells were purchased from the Cell Culture Center
of the Chinese Academy of Medical Sciences (Beijing, China)
and cultured in high-glucose Dulbecco’s modified Eagle’s medi-
um (DMEM; Gibco, Grand Island, NY, USA). The medium was
supplemented with 10% (v/v) foetal bovine serum (FBS; Gibco,
USA). The cells were cultured at 37 °C in an 5% CO, incubator.
The cells were passaged every ~ 2-3 days when they reached ~
70-80% confluency.

HEK 293T cells cultured in a 6-well plate (2.5 x 10° cells/well,
1 ml medium/well) were transfected with p3xFlag-CMV-14 and
p3xFlag-CMV-14-TgROP17 using Lipofectamine 3000 (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Forty-eight hours later, the cells were treated
with serum-free medium and cultured for another 4 h and 8 h to
induce autophagy.

Monodansylcadaverine (MDC) staining by fluorescent micro-
scope

The transfected HEK 293T cells were treated by serum starva-
tion for 0, 4 and 8 h, and then, the cells were incubated with MDC
(50 umol/1) at 37 °C for 30 minutes. Then, the cells were washed
two times with pre-cooled PBS and immediately observed and
imaged under a fluorescence microscope (EVOS M5000, Ther-
mo Fisher Scientific, USA). One hundred cells per sample were
analysed, and the percentage of autophagic cells was calculated.

Transmission electron microscopy (TEM)

After serum starvation treatment, the HEK 293T cells were
collected and washed with cold PBS, fixed overnight in 3% glu-
taraldehyde at 4°C and subsequently post-fixed in 1% osmium
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tetroxide for 30 minutes. The cells were gradient dehydrated with
ethanol solutions ranging from 50% to 100% in a 10% graded
series and then embedded in Eponate 12 resin (Ted Pella, Red-
ding, CA, USA). The blocks were cut into ultrathin sections and
then twice stained with uranyl acetate and lead citrate. The cells
were observed under a transmission electron microscope (JE-
OL-100CX, Tokyo, Japan).

Examination of GFP-LC3B puncta

HEK 293T cells were co-transfected with p3xFlag-CMV-14
or p3xFlag-CMV-14-TgROP17 and pCMV-GFP-LC3 (Ge-
nePharma Co., Ltd, China). After 48 h, the cells were cultured
in serum-free medium for 4 h and 8 h. GFP-LC3 puncta were
quantified by observation with a fluorescence microscope (EVOS
MS5000, Thermo Fisher Scientific) and counting at least 300 cells.
The results are plotted as the mean + SD of three independent
experiments.

Co-immunoprecipitation

Co-immunoprecipitation analysis was performed in accord-
ance with the manufacturer’s instructions. Briefly, HEK 293T
cells were transfected with p3xFlag-CMV-14 or p3xFlag-CM V-
14-TgROP17 for 48 h, and then, the cells were harvested and ly-
sed using sonication in cell lysis buffer (50 mM Tris-HCI, pH 7.5;
150 mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxycholate;
and a 1% protease inhibitor cocktail; Roche, Basel, Switzerland).
The cell lysates were centrifuged and the supernatant was incu-
bated overnight with FLAG M2 Affinity Gel (No. A2220, Sig-
ma-Aldrich, USA) with gentle agitation at 4 °C. The following
day, the beads were washed six times with cell lysis buffer and
heated in 2 x sample buffer. After brief centrifugation, the super-
natant was used for Western blotting.

Western blotting

The protein from 1x10° tachyzoites of 7. gondii (Ma et al.
2009) was prepared using 1xSDS loading buffer heated for 10
minutes. Total protein from the HEK 293T cells was extracted
using RIPA buffer with protease inhibitors and quantified using
BCA protein assay reagent (Thermo Scientific, USA). Equal
amounts of protein samples were used for Western blotting as-
say. The ECL blot detection system (Transgene, Beijing, China)
with a Bio-Rad Universal Hood II Gel Doc XR system was used
for calculating the target protein level. f-actin on the same mem-
brane was used as an internal control. The following antibodies
were used in this study: rabbit monoclonal anti-LC3B (No. 3868,
Cell Signaling Technology, Boston, USA), rabbit monoclonal an-
ti-Beclin-1 (No. 3495, Cell Signaling Technology), rabbit mono-
clonal anti-p62 (No. 39749, Cell Signaling), rabbit monoclonal
anti-Flag tag (No. 14793, Cell Signaling), rabbit monoclonal
anti-phospho-Bcl-2 (Ser70) (No. 2827 Cell Signaling), rabbit
polyclonal anti-INK (No. 9252, Cell Signaling), rabbit mono-
clonal anti-phospho-SAPK/INK (Thr183/Tyr185) (No. 4668),
Cell r and rabbit monoclonal B-actin (No. 4970, Cell Signaling).
Horseradish peroxidase (HRP)-linked anti-rabbit IgG secondary
antibodies (No. 7074, Cell Signaling) were also used.

Statistical analysis
Data are presented as means + standard deviation (SD). Differ-
ences between two groups were analysed using Student’s ¢-test.
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Pearson coefficient was used to analyse correlations between the
expression of ROP17 with the expression of autophagy markers
LC3B, beclin 1 and p62, and with phosphorylation of Bcl-2 and
Bcl-2. An r-value > 0.5 was considered as strong correlation, and
an r-value < 0.5 was considered as poor correlation (Hassan et
al. 2018). A p-value < 0.05 was considered as statistically signif-
icant. All data were analysed using SPSS software version 19.0
(SPSS Inc., Chicago, IL, USA).

RESULTS

Rabbit anti-ROP17 antiserum was efficient for
detecting ROP17 expression

The titreof rabbit anti-ROP17 polyclonal antiserum was
1 : 128,000 (Fig. l1a and Table 1). To confirm the immu-
noreactivity of the ROP17 polyclonal antiserum, Western
blotting was employed to detect the purified GST-ROP17
and tachyzoite protein of Toxoplasma gondii using rabbit
anti-ROP17 polyclonal antiserum as the primary antibody.
As illustrated in Fig. 1b, specific bands of approximately 96
kDa (GST-ROP17) and 69 kDa (ROP17, from tachyzoite
of T gondii) were detectable, indicating that the rabbit an-
ti-ROP17 antibody was prepared successfully.

Tachyzoites of 7. gondii induce autophagy in small
intestinal cells

To determine whether autophagy occurs in tachyzoite-in-
fected murine cell models, paraffin-embedded sections
of the small intestine were prepared for the immunohis-
tochemical detection of autophagy markers. As shown in
Fig. 2, the levels of LC3B (21 + 4% and 37 + 5% positive
cell rate in 24 h and 48 h collected tissues, respectively)
and beclin 1 (32 £ 6 % and 45 + 8% positive cell rate in

a

o = 2

=) =2 o S =
=
2 2= g £ 8 8 58 88 §
= e = )
Groups =} < 5 s 2 2 @ - NN s
z & - o R : - = -

= m - - - = - =7

r~ o —_ =] - m W W™ T ™
Tter of antiserum =2 2 & & § & F 8 § B =8 §
o [=] o o — - (=] =] [=] o o (=]

Il =
sl
o
5 =
£k £
b £Eg 2
[l 2
5 o o r~
w & n 5
s B o]
[ 51 b
=z z T
25 3 b
o= = (G
KDa
-
= - Ba

Fig. 1. The rabbit anti-ROP17 antiserum was evaluated using di-
rect-coated ELISA (a) and Western blotting (b). The rabbit serum
added before immunisation served as the negative control, and
1% BSA was used as the blank control, as shown in Fig. 1a. The
lysate from the HEK 293T cells which were transfected with p3x-
Flag-CMV-14-ROP17 for 48 h and 1 pg of purified GST-ROP17
were used as positive controls to assess the expression of ROP17
in the tachyzoites of Toxoplasma gondii (Nicolle et Manceaux,
1908) as shown in Fig. 1b.
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Table 1. The titre of rabbit anti-ROP17 polyclonal antiserum (n=3)

Groups  Negative Blank 1:1,000 1:2,000 1:4,000 1:8,000 1:16,000 1:32,000 1:64,000 1:128,000 1:256,000 1I:512,000

oD 0.188+ 0.186+ 2211+ 2088+ 1.671+ 1293+ 0946+ 0.635 + 0.472 + 0375+ 0.273 £ 0.264 +
450 0.007 0.009  0.021"  0.019° 0.018  0.011" 0.013" 0.071" 0.041" 0.032° 0.016 0.013

Negative group: Pre immune serum. * means p < 0.05 compared with negative group.

24 h after tachyzoites 48 h after tachyzoites
MNarmal mouse small intestine of T, gondii infection of T, gondii  infection
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Marmal mouse 24 h after tachyzoites 48 h after tachyzoites
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Fig. 2. Tachyzoites of Toxoplasma gondii (Nicolle et Manceaux, 1908) induced autophagy in the mouse small intestine cells (a and b).
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Fig. 3. ROP17 enhanced the autophagy of HEK 293T cells subjected to serum starvation. a and b are MDC staining, autophagic vacu-
oles of the ROP17-overexpressing 293 T cells and control cells were visualised by MDC staining after serum starvation for 0, 6 and 12
h, the scale bar represents 20 um. ¢ and d are transmission electron microscopy analysis of the serum-starved ROP17-overexpressing
293T cells and control cells. ROP17-overexpressing cells displayed more autophagosomes (indicated by red arrows) than the controls.
The relative numbers of autophagosomes in the different groups are shown (d). The scale bar represents 500 nm. e and f are accumu-
lation of GFP-LC3 puncta. The 293T cells were co-transfected with p3xFlag-CMV-14 or p3xFlag-CMV-14-TgROP17 and GFP-LC3
and subjected to serum starvation for 0, 6 and 12 h. GFP-LC3B puncta were observed by confocal laser scanning microscopy (e), and
showed a punctuated pattern (f), indicating the induction of autophagy. The scale bar represents 20 pm. The data are expressed as the

mean + S.D. of three independent experiments. *Indicates a significant difference between groups as shown, *p < 0.05.

24 h and 48 h collected tissues) increased compared with
those in normal tissues (4 + 1% and 5 + 1%), while that of
p62 decreased gradually with prolonged time of infection
by the tachyzoites of 7. gondii (24 + 4% and 17+3% posi-
tive cell rate in 24 h and 48 h collected tissues) compared
with that in nomal tissues (72+4%). Notably, the number
of tachyzoites of T gondii was also augmented upon en-
hanced autophagy, as illustrated by ROP17-positive stain-
ing. These results clearly showed that the infection by the
tachyzoites of 7. gondii via the intraperitoneal injection
triggered autophagy in mouse small intestinal cells. How-
ever, whether the proliferation of tachyzoites depends on
autophagy still remains unclear and need to be further in-
vestigated.

The overexpression of ROP17 promotes the autophagy
induced by serum starvation

To evaluate the putative roles of ROP17 in 7. gondii
tachyzoite and host cell interplay, we used the HEK 293T
cell line. Transient transfection of the p3xFlag-CMV-14
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or p3xFlag-CMV-14-TgROP17 ecukaryotic expression
plasmid for 48 h and the expression of ROP17-Flag was
confirmed by Western blotting (Fig. 1b). We examined the
initiation of autophagy in HEK 293T cells with or with-
out ROP17 after serum starvation for 0 h, 6 h and 12 h by
MDC staining. To distinguish the role of ROP17 in auto-
phagy, the HEK 293T cells were incubated with MDC (1
mM) after serum starvation. The staining results indicated
that the number of acidic vacuoles was increased in the
ROP17-overexpressing HEK 293T cells (21 + 2% at 6 h
and 36 = 7% at 12 h, respectively) compared with control
cells (13 £3% at 6 h and 24 + 4% at 12 h) (Fig. 3a,b), sug-
gesting that ROP17 possibly induced autophagy.

To confirm that ROP17 induced autophagy upon serum
starvation, transmission electron microscopy (TEM) was
used. As illustrated in Fig. 3c,d, the number of autophago-
somes in the ROP17-overexpressing cells was increased
(20 £ 3% at 6 h and 41 + 6% at 12 h ) than that of con-
trol (16 + 2% at 6 h and 23 + 5% at 12 h) without serum.
ROP17-overexpressing HEK 293 T cells and parental cells
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Fig. 4. ROP17 of Toxoplasma gondii (Nicolle et Manceaux, 1908)
induced autophagy in serum-free ROP17-overexpressing HEK
293T cells. ROP17-induced autophagy, detected by the presence
of Beclin 1, LC3B and p62, was analysed by Western blotting.
B-actin served as a loading control. One representative of three
independent experiments is shown. The quantitative results are
presented as the ratio of LC3B to B-actin, Beclin 1 to B-actin and
p62 to B-actin (n = 3). *p < 0.05 indicates a significant difference
compared with the difference calculated for the previous time
point, and # p < 0.05 indicates a significant difference compared
with the value calculated for same time point in the control group.
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Fig. 6. A co-IP assay was employed to investigate the interaction
of ROP17 of Toxoplasma gondii (Nicolle et Manceaux, 1908) and
Bcel-2. HEK 293T cells were transfected with p3xFlag-CMV-14
or p3xFlag-CMV-14-TgROP17, and the cell lysates were incu-
bated with FLAG M2 Affinity Gel. The precipitate was assayed
using Western blotting with Flag and Bcl-2 antibodies.

transfected with GFP-LC3 were subjected to serum starva-
tion. A marked accumulation of GFP-LC3 puncta was ob-
served in the ROP17-overexpressing HEK 293T cells (23
+ 3% at 6 h and 35 £ 6% at 12 h) compared with control
cells (11 +2% at 6 h and 22 + 5% at 12 h), suggesting that
ROP17 led to autophagosome accumulation (Fig. 3e,f).

To confirm the role of ROP17 in autophagy induction,
the autophagy markers LC-3B, Beclin 1 and p62 were ana-
lysed by Western blotting. As illustrated in Fig. 4, the levels
of Beclin 1 and LC3B in the serum-starved ROP17-over-
expressing HEK293T cells were greater than those in the
control cells, while p62 showed the opposite trend at the
same indicated times. All of these data suggest that ROP17
promotes the autophagy induced by serum starvation.

TgROP17 phosphorylates Bel-2 and promotes
autophagy

On western blotting, ROP17 enhanced the phosphoryla-
tion of Bel-2 (Ser 70) and led to its degradation (Fig. 5). To
determine whether phosphorylation is ROP17- or INK-de-
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Fig. 5. ROP17 of Toxoplasma gondii (Nicolle et Manceaux, 1908)
augmented autophagy via the beclin 1-Bcl-2 pathway. HEK 293T
cells were transfected with p3xFlag-CMV-14 or p3xFlag-CMV-
14-TgROP17 and then subjected to serum starvation for 0 h, 6 h
and 12 h. The phosphorylation of Bcl-2 and Bcl-2, and the phos-
phorylation of JNK and JNK were tested by Western blotting.
B-actin served as a loading control. One representative of three
independent experiments is shown. The quantitative results are
presented as the ratio of phosphorylation of Bcl-2 to B-actin and
Bcl-2 to B-actin (n = 3); *p < 0.05 indicates a significant difference
compared with the value calculated for the previous time point,
and # p < 0.05 indicates a significant difference compared with the
value calculated for the same time point in the control group.

pendent, the phosphorylation of JNK was also measured as
shown in Fig. 5; ROP17 did not change the levels of INK
or its phosphorylation. To exploit the function of ROP17
in Bcl-2 phosphorylation, co-immunoprecipitation exper-
iments were performed, and the data showed that ROP17
with Bel-2 (Fig. 6). Collectively, these data demonstrate
that ROP17 interacts with Bel-2 and phosphorylates it and
then activates autophagy.

Infection with tachyzoites of 7. gondii facilitates the
phosphorylation and degradation of Bcl-2 in the
mouse small intestine cells

Based on the results from the in vitro assay, we wanted
to determine whether ROP17 functions as an autophagy in-
ducer via the Beclin 1-Bcl-2 pathway in vivo. Mouse small
intestine slices that had been used to analyse autophagy
(Fig. 2) were collected to evaluate the levels of Bcl-2 and
its phosphorylation. As illustrated in Fig. 7, the phospho-
rylation of Bcl-2 increased, but the Bcl-2 level was atten-
uated gradually according the time of infection with the
tachyzoites of 7. gondii.

To further confirm ROP17 as a cellular autophagy modu-
lator, correlations between the expression of ROP17 with the
expression of autophagy markers LC3B, beclin 1 and p62,
as well as phosphorylation of Bcl-2 and Bcl-2 were evaluat-
ed using Pearson’s correlation coefficient. As shown in Fig.
8, a strong positive correlation was illustrated between the
expression of ROP17 with the expression of LC3B (Fig. 8a,
r=0.9826, p = 0.0443), Beclin 1 (Fig. 8b, »=0.9945, p =
0.0334), and phosphorylation of Bcl-2 (Fig. 8d, »=0.9908, p
=0.0229), while a strong negative correlation was revealed
between the expression of ROP17 and the expression of p62
(Fig. 8c, r =-0.9735, p = 0.0364), and Bcl-2 (Fig. 8e, r =
-0.9762, p = 0.0301). These data together indicate that the

Page 6 of 10



doi: 10.14411/p.2021.016

d 24 h after Tachyzoites
of T.gandii infection

Marmal mouse small intestine
il [— e ——
b ‘_.J"C .".‘ R 5 !r;pf ﬂ-\ n.'

o T W (1
AT [0
oo

anti-p-Bel2 |0 RN
P = {" :"‘"I‘; .‘J-'l‘ M"L -.*
|

anti-Bel2 |

b 100

80 <

60

40 -

Positive cells rate (%)

20 +

A —

Guo et al.: ROP17 of Toxoplasma gondii promotes autophagy

48 h after Tachyzoites
of T.gondii infection

: =,+‘-r: :.. {3% > "

Mormal mouse 24 h after Tachyzoites 48 h after Tachyzoites

small intestine

of Tgondi infection

of T.gondii infection

Fig. 7. Tachyzoites of Toxoplasma gondii (Nicolle et Manceaux, 1908) boosted the phosphorylation and degradation of Bcl-2 in the
mouse small intestine. A total of 103 tachyzoites of 7. gondii were injected into the mouse abdominal cavity, and the small intestine
was collected 24 h and 48 h later for immunohistochemical analysis using Bcl-2 and phospho-Bcl-2 (Ser70) antibodies (a). The normal
mouse small intestine served as the control. The positive expression rate of the target proteins was calculated (b). Data are expressed
as the means £ SD (n = 3). Red arrows indicate positive cells. The scale bar represented 50 um for all slices; * p < 0.05 indicates a
significant difference compared with the normal mouse group, and # p < 0.05 indicates a significant difference compared with the 7.

gondii infection for the 24 h group

increase of LC3B, Beclin 1 and phosphorylation of Bcl-2,
the decrease of p62 and Bcl-2 are ROP17-modulated.

DISCUSSION

Autophagy is an evolutionarily conserved cell survival
process that removes damaged organelles, toxic metab-
olites and pathogens and enhances energy production to
maintain cell survival under nutrient-deficient conditions.
In contrast, excessive self-digestion and degradation of
important intracellular components can lead to cell death.
Whether autophagy plays a pro-survival or pro-death role
depends on the type and extent of the stress, cell context,
etc. (Wirawan et al. 2012). For intracellular pathogens, host
cells provide a replicative niche but also combat intruders
via different responses. Among these responses, host auto-
phagy is a significant hindrance to the intracellular growth
of pathogens but can also be subverted by pathogens to
capture nutrients that support their survival. However, the
role of autophagy during infection is complex; some path-
ogens rely on the induction of host autophagy to survive
within host cells, while others are destroyed by it. The dif-

Folia Parasitologica 2021, 68: 016

ferent roles of autophagy in eukaryotic pathogens rely on
the host cell types they infect, infective stage and response
strategies (Evans et al. 2018).

Under natural conditions, following host oral ingestion
of tissue cysts or oocysts, the parasites invade the intes-
tinal tissue and rapidly develop into tachyzoites (Dubey
1997a, b). Tachyzoites of Toxoplasma gondii infect virtu-
ally all nucleated cells and survive by residing in a com-
partment called the parasitophorous vacuole (PV), which
is formed during the active invasion of host cells and is
dependent on the parasite actin-myosin motor and sequen-
tial secretion of proteins from micronemes and rhoptries
(Santos and Soldati-Favre 2011). Rhoptries are key secre-
tory organelles that synthesise rhoptry organelle proteins
(ROPs) and play essential roles in parasite survival (Hakimi
et al. 2017). ROP16, ROP17 and ROP18 are serine/threo-
nine (S/T) protein kinases secreted by rhoptries (Peixoto et
al. 2010). ROP16 phosphorylates the host transcriptional
factors STAT3 and STAT6 to negatively regulate the pro-
duction of IL-12 and Th1 inflammatory responses, which
are essential for the host to survive infection with 7. gondii
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Fig. 8. Expression of ROP17 of Toxoplasma gondii (Nicolle et Manceaux, 1908) correlates with autophagy markers and Bcl-2. Im-
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Normal mouse small intestine served as the control. The positive expression rate of target proteins was calculated, and the correlations
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> 0.5 was considered as strong correlation, and an 7 < 0.5 was as poor correlation, p <0.05 was considered as statistically significant.

(Yamamoto et al. 2009, Ong et al. 2010). ROP18 phospho-
rylates immunity-related GTPases (IRGs) to avoid their
accumulation in the PV and to protect the parasite from
clearance (Fentress et al. 2010). ROP17 has a C-terminal
kinase catalytic domain, and this kinase region contains
a divergent RAH region that interacts with the parasito-
phorous vacuole membrane (PVM) of 7. gondii (Reese
and Boothroyd 2009). In infected cells, ROP17 resides on
the cytosol side of the PVM and protects the parasite from
clearance by forming complexes with ROP18 kinases that
inhibit IRG recruitment to the intracellular 7. gondii-con-
taining vacuole (Etheridge et al. 2014). ROP17 inhibits the
innate immune response by reprogramming host gene ex-
pression to promote 7. gondii survival (Li et al. 2019). In
addition, ROP17 has also been found to participate in the
translocation of dense granule effectors across the PVM
and promote 7. gondii dissemination by hijacking mono-
cyte tissue migration (Drewry et al. 2019, Panas et al.
2019).

Although some functions of ROP17 have been revealed,
there are only a few reports on its function in parasite sur-
vival. In the present work, autophagy level was meas-
ured in 7. gondii-infected murine models. Specifically, a
ROP17-containing eukaryotic expression plasmid was
transfected into HEK 293T cells, and the regulatory role
of ROP17 on autophagy was studied. Beclin 1 and LC3B
are markers of autophagy since beclin 1 is involved in the
initial step of autophagosome formation and LC3 forms
puncta on the autophagosome membrane (Lopez Corcino
et al. 2019). In addition, the ubiquitin-binding protein p62,

Folia Parasitologica 2021, 68: 016

which functions as a molecular adaptor for autophagic ma-
chinery and its substrates, has been widely used as a bio-
chemical marker for general autophagy detection (Kraft et
al. 2010). In the mouse model infected via intraperitoneal
injection of tachyzoites of 7. gondii, the levels of auto-
phagy markers (LC3B, Beclin 1 and P62) were measured
in small intestine tissues since 7. gondii infects individual
humans through the ingestion of contaminated feline faecal
material, food and water, and first invades digestive tracts.

The immunohistochemistry data showed that LC3B and
Beclin 1 were increased while p62 was decreased with the
prolonged infection time. These data demonstrated that au-
tophagy was initiated after infection with 7. gondii. Given
that autophagy has dual roles in 7. gondii infection, either
clearing this protozoan or providing nutrients for its pro-
liferation (Portillo et al. 2010, 2017). Increasing evidence
indicates that autophagy is essential for the elimination of
T. gondii via canonical (Portillo et al. 2017, Lopez Corci-
no et al. 2019) or noncanonical autophagy (Selleck et al.
2015). To reveal the role of autophagy on the tachyzoites
of T. gondii in the mouse intestine, immunohistochemis-
try was performed using rabbit anti-ROP17 serum, and the
data showed that the number of parasites increased accom-
panied with the increase in autophagy markers expression.

To determine the role and mechanism of ROP17 in
autophagy, the p3xFlag-VMV-14/ROP17 eukaryotic ex-
pression plasmid was transfected into HEK 293T cells,
and autophagy was measured under serum starvation
conditions since nutrient status is closely associated with
autophagy activation. Morphologically, autophagy is char-
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acterised by the formation of double-membrane vesicles
called autophagosomes, which are essential for the iso-
lation and degradation of cytoplasmic components (Ry-
abovol and Minibayeva 2016). In addition, the number of
GFP-LC3B puncta is a good indicator of autophagosome
presence and is closely related to the number of autophago-
somes (Meng et al. 2018). Our results showed that ROP17
markedly increased the number of autophagosomes in the
ROP17-transfected cells, as demonstrated by the visual-
isation of MDC staining, number of GFP-LC3B puncta
and TEM assessment. Western blotting also showed that
the autophagy markers LC3B and Beclin 1 were increased
in the ROP17-transfected cells compared to their levels in
the control cells. Importantly, convincing evidence of au-
tophagy activation with decreased p62 levels was detected
by immunoblotting, which leads to the exclusion of failed
autophagosome clearance as an explanation.

Beclin 1 plays an important role in autophagosome for-
mation by interacting with Vps34 (also named class III-
type phosphoinositide 3-kinase) (Kihara et al. 2001). The
ability of Beclin 1 to activate Vps34 is tightly regulated
via both transcriptional regulation and interaction with Be-
clin 1-binding proteins (Maejima et al. 2016). Emerging
evidence demonstrates that the binding of Bcl-2 to Beclin
1 negatively regulates autophagosome formation and then
inhibits autophagy (Pattingre et al. 2005). Beclin 1 acti-
vates autophagy upon its dissociation from Bcl-2, which
is phosphorylated by JNK (Young et al. 2013). Because
ROP17 contains conserved ATP-binding residues and cat-
alytic triads that are essential for S/T kinases, similar to
JNK (Qiu et al. 2009), we assayed the role of ROP17 in the
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