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Abstract

Toxoplasma gondii has the ability to infect various nucleated cell types in different hosts. The aim of the present study
was to investigate which chicken blood cells were targeted by 7. gondii in a mixed blood cell culture similar to in vivo
conditions and to evaluate parasite—host cell interactions. The study consisted of two subsequent experiments. In
experiment 1, we applied 7. gondii tachyzoites (ME49) at a multiplicity of infection of 1 tachyzoite per blood cell
and examined parasite replication, cytokine, and inducible nitric oxide synthase (iNOS) mRNA expression between
1 h and 48 h post-infection (p.i.) by quantitative PCR. By using 7. gondii RH-GFP tachyzoites expressing the green
fluorescent protein (GFP) in experiment 2, we aimed for visualizing infected cells by confocal laser scanning micros-
copy (CLSM) and flow cytometric analysis at 24 h p.i. The parasite replication curve showed a massive decrease of
parasite stages until 24 h p.i. followed by an approximately plateau phase. We observed mainly significantly increased
iNOS mRNA expression levels in 7. gondii-infected culture compared to uninfected cells. Flow cytometry and CLSM
data confirmed monocytes/macrophages as main target cells for 7. gondii. Moreover, different lymphocytes like B cells
and cytotoxic T cells seem to be targeted to a low extent. Our findings indicate that monocytes/macrophages play a
key role during 7. gondii infection in chicken as host cells and triggering of immune response. To the best of our
knowledge, this is the first report of a mixed chicken blood cell culture experimentally infected with 7. gondii.
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Introduction

Toxoplasma gondii is a widely spread apicomplexan parasite
(Dubey 2010) and known to be an important zoonotic patho-
gen. Felids represent definitive hosts and many warm-blooded
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animals as well as different avian species, including chickens,
serve as intermediate hosts (Dubey 2008). The seroprevalence
of T gondii in chickens of organic and backyard farms reaches
up to 100% (Dubey 2010). Free-range chickens can easily be-
come infected by feeding from oocyst-contaminated soil and
represent a possible source for infection of cats (Dubey 2010).

After oral ingestion of cysts or oocysts, 7. gondii dissemi-
nates to various organs as tachyzoites (fast-growing stages) and
differentiate in peripheral tissues to bradyzoites (slow-growing
stages) by forming persisting tissue cysts (Munoz et al. 2011).

As an obligate intracellular parasite, 7. gondii has a wide
host cell spectrum and can invade and replicate in almost any
nucleated cell in mammals (Sibley 2004; Munoz et al. 2011).

Channon et al. (2000) reported a preference of 7. gondii
tachyzoites to infect and multiply in human monocytic cells
compared to neutrophils and lymphocytes in vitro. Several stud-
ies in mice indicate a parasite transport function of dendritic
cells and monocytes/macrophages during 7. gondii infection
(Courret et al. 2006; Lambert et al. 2006, 2009; Lambert and
Barragan 2010). In addition, natural killer (NK) cells and T cells
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seem to be involved in parasite dissemination as well (Persson
et al. 2007, 2009; Lambert and Barragan 2010).

In chickens, it is already proven that 7 gondii is able to rep-
licate in monocytes and dendritic cells, using them for its dissem-
ination in the host (Malkwitz et al. 2013; Quéré et al. 2013).

Although erythrocytes and their precursor cells (Schupp
et al. 1978; Tanabe et al. 1980a) of different host species can
be invaded by 7. gondii, parasite multiplication in chicken
erythrocytes and thrombocytes could not be confirmed
in vitro (Tanabe et al. 1980b; Malkwitz et al. 2017).
Malkwitz et al. (2017) observed a continuous decrease of par-
asite stages in primary cultures of chicken erythrocytes and
thrombocytes. Therefore, it can be concluded that both cell
types cannot be considered potential host cells for 7. gondii
in chicken.

In order to study the immune response to 7. gondii
infection, murine models are used most frequently
(Munoz et al. 2011; Dupont et al. 2012). Regarding the
innate immune response, 7. gondii infection leads to re-
cruitment and activation of macrophages, NK cells, neu-
trophils, and dendritic cells (DCs) (Munoz et al. 2011;
Dupont et al. 2012). Macrophages play a major role by
producing reactive oxygen and nitrogen intermediates
(Gazzinelli et al. 1993) as well as cytokines like interleu-
kin (IL)-12 and IL-10 (Munoz et al. 2011; Dupont et al.
2012). NK cells are able to produce high amounts of in-
terferon 'y (IFN-y) with a high activity at an early stage of
infection (Sher et al. 1993; Hunter et al. 1994). For pro-
tective immunity against 7. gondii, IFN-y plays a crucial
role (Suzuki et al. 1988; Filisetti and Candolfi 2004).
Neutrophils and DCs are essential sources of IL-12 for
promotion of NK responses, T-cell proliferation, and IL-
10 and IFN-y production (Munoz et al. 2011; Dupont
et al. 2012). Adaptive immune response to 7. gondii is
characterized mainly by synergetic action between CD4"
and CD8" T lymphocytes (Gazzinelli et al. 1991).

Little is known about the immune response to 7. gondii
infection in chickens. Malkwitz et al. (2018) described
distinct primary chicken macrophage activation during
T gondii infection with upregulation of messenger RNA
(mRNA) levels for the inducible nitric oxide synthase
(INOS), lipopolysaccharide-induced TNF-alpha factor
(LITAF), IL-1, and IL-12 at different time points after
infection. However, targeted investigations into concerted
actions of chicken blood immune cells have not been
published to the best of our knowledge, even though it
is probable that the interaction between different blood
cell populations is crucial for parasite defense mecha-
nisms under natural conditions. Since prior studies of
our working group (Hiob et al. 2017) indicate a complex
local immune response, the present study was designed to
investigate interactions between a representative mixed
chicken blood cell population and 7. gondii.
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Materials and methods
Experimental design

Two subsequent experiments were conducted. The objective
of experiment 1 was to gain further knowledge about the rep-
lication of 7" gondii in a chicken mixed blood cell culture and
immune response of these cells. Therefore, we infected a
chicken mixed blood cell culture with 7 gondii tachyzoites
(ME49) and examined total parasite replication and mRNA
levels of a pro-inflammatory response mediator and several
cytokines at different time points post-infection (p.i.) by using
quantitative PCR (qPCR). T. gondii ME49 was chosen as a
representative of type Il strain infections, which are most com-
mon in chicken and other animal species in Europe (Dubey
et al. 2005; Schliiter et al. 2014).

In order to examine the cell type-specific susceptibility of
chicken lymphocytes and other leukocytes for 7. gondii in a
mixed blood cell culture, we performed a subsequent second
experiment. In experiment 2, we used 7. gondii RH-GFP
strain tachyzoites for infection of the obtained blood cell cul-
ture. This strain expresses the green fluorescent protein (GFP).
We investigated the composition of the obtained blood cell
culture by using flow cytometry and visualized infected cells
by confocal laser scanning microscopy (CLSM). As our
chicken mixed blood cell culture was obtained by using
Biocoll® separating solution (density 1.077 g/mL;
Biochrom AG, Berlin, Germany), it consisted of peripheral
blood mononuclear cells (PBMCs) including nucleated chick-
en thrombocytes.

Host cells

Individual blood from eight (experiment 1) or six (experiment
2) Brown Leghorn chickens, respectively, was used for gen-
eration of PBMC. Whole blood was drawn from the wing vein
(Vena cutanea ulnaris) into 2.5-mL EDTA-coated tubes
(WDT, Garbsen, Germany). Each blood sample was proc-
essed separately in order to avoid immunological clotting re-
actions of lymphocytes. Samples were diluted 1:1 with
Dulbecco’s modified Eagle medium (DMEM; Gibco®,
Paisley, Scotland) and carefully layered over Biocoll® sepa-
rating solution (density 1.077 g/mL; Biochrom AG, Berlin,
Germany) to separate the PBMC fraction. After centrifugation
(600xg, 20 min, room temperature, without acceleration and
brake), the buffy coats containing PBMC were collected and
washed twice with DMEM (centrifugation 500xg, 10 min,
4 °C, without acceleration and brake). Cells were counted
using a Neubauer chamber, seeded in 24-well tissue culture
dishes (Greiner Bio-One GmbH, Frickenhausen, Germany)
and cultivated in RPMI-1640 medium (Gibco®, Paisley,
Scotland) supplemented with 10% chicken serum (Gibco®,
Paisley, Scotland), penicillin (100 U/mL; Gibco®, Grand
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Island NYY, USA), streptomycin (0.1 mg/mL; Gibco®, Grand
Island NY, USA), and amphotericin B (0.0025 mg/mL;
Biochrom GmbH, Berlin, Germany). Cells were incubated at
41 °C with 5% CO,. In experiment 1, three replicates for
iNOS and cytokine expression analyses and one replicate for
parasite replication assessment were seeded per chicken for
each infection group (negative control (NC) and 7. gondii in-
fected) and each time point (1 h, 12 h, 24 h, 48 h p.i.). In
experiment 2, the amount of replicates for flow cytometry
and CLSM per chicken and group varied between four and
eight replicates, depending on the total amount of generated
blood cells per chicken.

T. gondii tachyzoites

In experiment 1, tachyzoites of the ME49 (type II) strain were
used and grown in HFF cells cultivated with Iscove’s modi-
fied Dulbecco’s (IMDM; Gibco®, Paisley, Scotland), 5% fetal
calf serum (Gibco®, Paisley, Scotland), penicillin (100 U/
mL), streptomycin (0.1 mg/mL), and amphotericin B
(0.0025 mg/mL) at 37 °C, 5% CO, as described before
(Zintl et al. 2009). In contrast, for experiment 2, tachyzoites
of the RH-GFP (type I) strain (kindly provided by Prof. D.
Soldati-Favre) were used. RH-GFP tachyzoites were grown in
HFF cells as indicated above but cultivated with penicillin
(250 U/mL) and streptomycin (0.25 mg/mL).

To harvest the parasites, the cell culture supernatant was
centrifuged at 2000xg for 5 min. The pellet was resuspended
in 1 mL IMDM and tachyzoites were counted using a
Neubauer chamber to adjust the infection dose. Viability was
determined microscopically by assessing morphology and
motility of the tachyzoites.

Infection

Infection with 7. gondii MEA49 type 11 strain tachyzoites (ex-
periment 1) or RH-GFP type [ strain tachyzoites (experiment
2) was performed immediately after cultivation of primary
blood cells in the infection wells. The infection dose was
established as a multiplicity of infection (MOI) of 1 tachyzoite
per blood cell, which is within a usual dose range per host cell
(Bouchot et al. 2001; Seabra et al. 2002; Guillermo and
DaMatta 2004; Ong et al. 2011; Malkwitz et al. 2017). Cell
numbers were counted directly before seeding (1.25 x 10°
cells per well) to adjust the applicable MOI. Control wells
containing the same number of mixed blood cells remained
uninfected.

Cell cultures were monitored twice daily until 48 h p.i. by
light microscopy (DMI LED; Leica, Bensheim, Germany) to
observe morphology and growth of the cultured cells and
tachyzoites (data not shown).

Quantitative assessment of parasite replication
(experiment 1)

DNA extraction of cell culture samples (infected and uninfect-
ed NC wells) was performed for individual samples on four
different sampling time points (1 h p.i., 12 hp.i., 24 h p.i., and
48 h p.i.). Extraction was done using the NucleoSpin® Tissue
Kit (Macherey-Nagel, Diiren, Germany) following the manu-
facturer’s instructions for cultured cells.

The number of T° gondii tachyzoites at each sampling time
point was determined as DNA copy number by using qPCR
based on the 7. gondii-specific 529-bp fragment as described
by Edvinsson et al. (2006). All gPCR measurements were
performed in technical triplicates. Briefly, the 25 uL. master
mix consisted of 5 uL DNA eluate, 12.5 pL 2x Maxima
Probe/ROX qPCR Master Mix (Thermo Fisher Scientific,
Schwerte, Germany), 0.9 uL of each primer (25 puM), 5 uLb
TagMan probe (2 uM), and nuclease-free water. In every
gqPCR batch, a positive control containing a known amount
of T. gondii DNA from cell culture-derived ME49 tachyzoites
and three negative controls (two aliquots of water and one
aliquot of DNA elution buffer) were carried along.

Cytokine and iNOS expression profile (experiment 1)

Cell culture samples of uninfected and infected wells were
collected at the same time points when 7. gondii replication
was assessed, i.e., | hp.i.,, 12 hp.i., 24 hp.i,,and 48 h p.i., and
stored at — 80 °C until RNA extraction. Expression of iNOS
and the following cytokines was examined: IFN-y, tumor ne-
crosis factor o (TNF-«), and IL-10. Therefore, target-specific
reverse transcriptase quantitative polymerase chain reactions
(RT-gPCR) were employed.

Total RNA extraction and cDNA synthesis

For RNA extraction, the RNeasy® Mini kit (Qiagen, Hilden,
Germany) was used following the manufacturer’s instructions
for purification of total RNA from animal cells using spin tech-
nology. The RNA concentration was measured by a
nanophotometer (NanoDrop Thermo Scientific 2000c,
Schwerte, Germany). For complementary DNA (cDNA) synthe-
sis, approximately 10 ng/uL RNA was used per sample. Reverse
transcription into cDNA was done using the Revert-Aid® first-
strand cDNA synthesis kit (Thermo Fisher Scientific, Schwerte,
Germany) as described by Hong et al. (2006). The mixture was
incubated for 5 min at 25 °C, followed by 60 min at 42 °C and a
final heating reaction at 70 °C for 5 min.

qPCR

The mRNA expression of iNOS and cytokines were quanti-
fied by a qPCR assay (Park et al. 2008) which was slightly

@ Springer



1482

Parasitol Res (2019) 118:1479-1491

modified as described below. Transcript levels of genes were
normalized to those of the two reference genes glyceraldehyde
3-phosphate dehydrogenase (GAPDH), as described by Park
et al. (2008), and glucose-6-phosphate dehydrogenase
(G6PDH; De Boever et al. 2008). Sequences of the primers
used for RT-qPCR are listed in Table 1.

The qPCR assay was performed according to Hong et al.
(2006). Ten microliters of 2x SYBR Green master mix
(Thermo Fisher Scientific, Schwerte, Germany), 6.6 puL
nuclease-free water, 0.4 pL. ROX solution (0.5 uM), 2 uL
cDNA template, and 0.5 pL of the corresponding primers
(25 uM) were used per reaction.

The following thermal profile setup was applied: initial
denaturation at 95 °C for 10 min, followed by 40 cycles at
95 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min, and
termination at 95 °C for 1 min, 55 °C for 30 s, and 95 °C for
30 s. Reference target stability and calibrated normalized rel-
ative quantities (CNRQ) were calculated using qBase+ v.2.3
(Biogazelle NV, Gent, Belgium).

Flow cytometry (experiment 2)

After 24 h of cultivation, the supernatants (containing the non-
adherent cells) of all wells were collected in glass tubes (four
to eight individual samples per chicken and group), and the
corresponding adherent blood cells were detached from the
plate by incubation with accutase (PAA, Piscataway, USA)
for 45 min at 37 °C. Cells were washed twice with PBS,
centrifuged at 300xg for 20 min, and resuspended in 1000—
1500 uL PBS, depending on cell density. A portion of the
obtained primary cells were immediately stained with phyco-
erythrin (PE)-, allophycocyanin (APC)-, or biotin (BIOT)-
conjugated mouse anti-chicken monoclonal antibodies
(Southern Biotechnology Associates, Eching, Germany) and
incubated for 30 min at room temperature in the dark. The
biotin-conjugated monoclonal antibody was detected by
Streptavidin-DyLight 405 (Dianova, Hamburg). An overview
of all used monoclonal antibodies is shown in Table 2. The
proportion of dead cells was calculated by 4’,6-diamino-2-
phenylindole (DAPI; Sigma, Taufkirchen, Germany) staining.

Analysis of dead cells was performed within the CD45* leu-
kocyte population of the PBMCs. Thus, all material smaller
than lymphocytes (apoptotic cells, debris) has been excluded
from the analysis.

Cellular characteristics were examined by flow cytometry
using a FACS Canto II (BD Biosciences, Heidelberg,
Germany) equipped with a 405-, 488-, and 633-nm laser.
After gating of CD45-positive leukocytes, the percentage of
T. gondii-positive cells in each single cell population (CD4* T
cells, CD8«* T cells, v T cells, B cells, and monocytes/mac-
rophages) was determined.

Confocal laser-scanning microscopy (CLSM;
experiment 2)

Remaining cells of every chicken and group (24 h p.i.) were
examined by means of a confocal laser scanning microscope
(TCS-SP2; Leica, Bensheim, Germany). For this purpose, ca.
50 pL of every sample was transferred to poly-dimethyl-
diallyl-ammonium chloride (PDDA)-coated slides and incu-
bated in moist chambers for 60 min at 37 °C. The slides were
fixed with 2% paraformaldehyde for 10 min. After 30 min
drying, slides were covered with aluminum foil and stored at
—20 °C until further examination.

For staining the immune cells, the slides were incubated
with the unlabeled monoclonal antibodies anti-avian CD8a
and anti-avian BU1 (see Table 2) for 30 min at room temper-
ature and subsequently stained with an anti-IgG1 antibody
labeled with Alexa Fluor 546 (Invitrogen, Karlsruhe,
Germany). Finally, the samples were counterstained with
1 pg/mL DAPI for DNA staining (Sigma, Taufkirchen,
Germany) and mounted with ProLong® Gold anti-Fade re-
agent (Invitrogen, Karlsruhe, Germany).

Light microscopy (experiment 2)

For light microscopy, cells were placed on the slides as de-
scribed above, fixed with methanol for 10 min and air-dried.

For staining of parasites, slides were incubated with a poly-
clonal anti-7Toxoplasma gondii rabbit antibody-FITC (PA1-

Table 1 Primers used for RT-PCR analysis of chicken mRNAs (experiment 1)

RNA target Primer sequence forward Primer sequence reverse Reference

GAPDH 5'-GGTGGTGCTAAGCGTGTTAT-3’ 5-ACCTCTGTCATCTCTCTCCACA-3' Park et al. 2008
G6PDH 5'-CGGGAACCAAATGCACTTCGT-3' 5"-CGCTGCCGTAGAGGTATGGGA-3' De Boever et al. 2008
IFN-y 5'-AGCTGACGGTGGACCTATTATT-3’ 5'-GGCTTTGCGCTGGATTC-3' Park et al. 2008
TNF- 5'-CTTCTGAGGCATTTGGAAGC-3’ 5'-ACTGGGCGGTCATAGAACAG-3' Nang et al. 2011
iNOS 5'-TGGGTGGAAGCCGAAATA-3' 5'-GTACCAGCCGTTGAAAGGAC-3’ Park et al. 2008
IL-10 5'-CGGGAGCTGAGGGTGAA-3' 5'-GTGAAGAAGCGGTGACAGC-3' Park et al. 2008
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Table 2  Antibodies used for flow cytometry and CLSM (experiment 2)

Antibody Clone Host Specificity

CD8«-PE (+ unlabeled) CT-8 Mouse Chicken CD8«x* T cells

CD45-APC LT 40 Mouse Chicken leukocytes

CD4-PE CT4 Mouse Chicken CD4" T cells

TCRyd-PE TCR-1 Mouse Chicken v T cells

Monocyte/macrophage (MoMa)-PE KULO1 Mouse Chicken monocytes, macrophages, microglia

BU1-BIOT (+ unlabeled) AV-20 Mouse Chicken bursal cells, thymocytes, spleen cells, B cells, monocytes/macrophages

7253; Thermo Fisher Scientific, Schwerte, Germany) and the
parasites visualized using a goat anti-rabbit immunoglobulin
labeled with horseradish peroxidase (Dako, Hamburg,
Germany). The enzyme-linked antibody was detected by its
reaction with 3,3-diaminobenzidine (DAB; Dako, Hamburg,
Germany). Cells were counterstained with hematoxylin (Carl
Roth, Karlsruhe, Germany) and mounted with Canada balsam
(Riedel de Haen AG, Seelze-Hannover, Germany). As a neg-
ative control, the primary antibody was replaced with
phosphate-buffered saline (PBS).

Statistical methods

Statistical evaluation of the parasite replication and CNRQ
values of cytokine mRNA expression was performed by using
IBM SPSS Statistics v.22 (IBM, New York, USA). Data was
analyzed for normal distribution by Kolmogorov—Smirnov
test. Because of non-normal distribution, group differences
were tested by Kruskal-Wallis and successive Mann—
Whitney U test. Flow cytometry data was analyzed by BD
FACSDIVA™ software (BD Biosciences, Heidelberg,
Germany) and statistically evaluated by one- or two-way
ANOVA. P values <0.05 were considered as statistically
significant.

Results
Parasite replication (experiment 1)

All samples were measured in triplicates by qPCR at the given
four time points up to 48 h p.i. There was no parasite replica-
tion in the uninfected, NC wells at any sampling time point.
The infection wells showed a decrease of parasite DNA copy
numbers from 1 h p.i. onwards (see Fig. 1), which was statis-
tically significant from 1 h p.i. to 24 h p.i. (p =0.01, Mann—
Whitney U test) and to 48 h p.i. (p = 0.015, Mann—Whitney U
test). Compared to parasite numbers at 1 h p.i. (= 100%), me-
dian number of parasites was about 51% at 12 h p.i. and
36.7% at 24 h p.i. This was followed by a moderate decrease
to a median relative copy number of 35.1% (compared to 1 h

p.i.) until 48 h p.i. However, at the end of the experiment, half
of the individual chicken blood samples (n =4) showed an
increase of parasite numbers compared to 24 h p.i. between
19% and 63.3%.

Cytokine and iNOS expression profile (experiment 1)

Cytokine and iNOS expression in infected wells were
assessed as CNRQs for each sampling time point compared
to the mRNA expression levels in uninfected, NC wells.
CNRQs of iNOS, IL-10, and TNF-&x mRNA were compared
between infected and NC wells at all sampling time points
(see Fig. 2a—c). Additionally, CNRQs were statistically com-
pared for infected wells between different sampling time
points. The fold change was calculated for infected wells com-
pared to NC wells by setting NC values to 1. Statistical eval-
uation of IFN-y levels was not possible due to rare detection
of IFN-y mRNA above identification threshold. The
displayed p values were calculated by Mann—Whitney U test.

iNOS

Infected wells showed a significantly higher iNOS mRNA
expression at 12 h p.i. (p <0.001; fold change 1.83), 24 h
pi. (p <0.001; fold change 2.81), and 48 h p.i. (p <0.001;
fold change 10.41) compared to uninfected, NC wells
(Fig. 2a). Over the course of time, we detected statistically
significant increases of iNOS levels from 1 h p.i. to 48 h p.i.
(p=0.001), 12 h p.i. to 24 h p.i. (p =0.001), 12 h p.i. to 48 h
p.i. (p <0.001), and from 24 h p.i. to 48 h p.i. (p <0.01).

IL-10

Infected wells showed higher IL-10 levels at 1 h p.i. (p < 0.01;
fold change 3.42) and 24 h p.i. (p > 0.05; fold change 1.63;
Fig. 2b). Statistical evaluation at 48 h p.i. was not possible due
to only one detectable value in the NC wells. Moreover, we
detected a significant decrease in IL-10 mRNA expression in
the infected wells from 1 h p.i. to 12 h p.i. (»p <0.05).
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Fig. 1 Parasite replication in
individual chicken PBMC
cultures (1.25 x 10° cells per well)
following infection with 7. gondii
(ME49; experiment 1) at a
multiplicity of infection (MOI) of
1 tachyzoite per blood cell. Data
points of individual chicken
(n=28) and the median per
sampling time point (1 h/12 h/
24 h/48 h p.i.) are presented
(**p=0.01, *»p=0.015; Mann—
Whitney U test)
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Fig. 2 Mean calibrated normalized relative quantities (CNRQ) of iNOS (a), IL-10 (b), and TNF-« (¢) inclusive standard deviation at all sampling time
points compared between NC (uninfected) and infected group (*'p < 0.001, *?p < 0.01; Mann—Whitney U test; experiment 1)
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TNF-a

We detected significantly higher TNF-« levels at 48 h p.i.
(p <0.001; fold change 2.13) in infected wells compared to
NC wells (Fig. 2¢). When comparing different sampling time
points in infected wells, we found significant decreases in
TNF-0¢ mRNA expression from 1 h p.i. to 24 h p.i.
(»<0.05) and 12 h p.i. to 24 h p.i. (p<0.01). In contrast,
TNF-«x levels significantly increased from 12 h p.i. (p=
0.02) and 24 h p.i. (»p <0.001) to 48 h p.i.

Characterization of host cell culture by flow
cytometry, confocal laser scanning microscopy,
and light microscopy (experiment 2)

By flow cytometry, the percentage of dead leukocytes was
5.47+0.26% in the control culture and 21.7+ 1.00% in the
infected culture (p > 0.05; Fig. 3). The proportion of 7. gondii-
positive immune cells after 24 h of cultivation in infected and
NC culture is displayed in Fig. 4a. In the infected culture,
73.0% of the monocytes/macrophages and 11.2% of B cells
and/or monocytes/macrophages were 7. gondii-positive
(Fig. 4a). To a very low extent, 7. gondii-positive cells were
also found within the CD4" (3.13%), CD8«* (1.12%), and v
(1.63%) T cells (Fig. 4a).

The percentage of 7. gondii-positive cells within the
monocytes/macrophages in the infected culture is significant-
ly higher than in all other immune cell subsets (p <0.05). By
comparing the infected and control cultures, a statistically sig-
nificant difference was detected only in the proportion of the
monocytes/macrophages subset (p < 0.05; Fig. 4a).

The proportion of immune cell subsets within CD45" leu-
kocytes of 7. gondii-infected and control culture is shown in
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Fig.3 Flow-cytometric analysis of the percentage of dead cells within the
CD45" leukocyte population (mean, standard deviation) of non-infected
(Control) and 7. gondii-infected PBMCs after 24 h of cultivation (n=3;
experiment 2)

Fig. 4b. CD4" T cells were increased in the infected culture,
whereas proportions of CD8«™ T cells and v T cells were
similar in infected and control culture. In contrast, B cells and
monocytes/macrophages were slightly reduced in infected
culture. No statistically significant differences were detected
between infected and control culture.

Using CLSM for DAPI stained samples at 24 h p.i., mainly
free T. gondii tachyzoites were seen (Fig. 5a). Intracellular
tachyzoites were detected in monocytes close to the host cell
nucleus (Fig. 5b).

Staining with BU1 (Fig. 6a, b) and CD8« (Fig. 7) revealed
co-localization of cells and tachyzoites only occasionally. In
single cases, 7. gondii-infected B cells and/or monocytes/mac-
rophages and cytotoxic T cells were detected.

Light microscopy of slides stained with hematoxylin and
sequentially incubated with an FITC-conjugated anti-7. gondii
rabbit antibody and a horseradish peroxidase-conjugated anti-
rabbit IgG led to detection of mainly free tachyzoites and
several indications of attached or intracellular parasites in
monocytes or lymphocytes (Fig. 8).

Discussion

Recently, investigations concerning interactions between
T. gondii and monocultures of different chicken blood cells
like monocytes, erythrocytes, and thrombocytes were pub-
lished (Malkwitz et al. 2017, 2018). However, to the best of
our knowledge, this is the first experiment in a mixed chicken
blood cell culture following 7. gondii infection in vitro.

In the present study, we examined parasite replication and
expression of iNOS and several cytokines at different time
points after infection with 7. gondii tachyzoites (ME49, ex-
periment 1). Additionally, by using genetically modified RH-
GFP T. gondii in experiment 2, we aimed for visualizing in-
fected host cells in a PBMC culture. It has to be considered
that the use of two different 7. gondii strains does not allow
direct comparison between both experiments. Nevertheless,
we chose 7. gondii strain ME49 in experiment 1 because type
II strain infections are most common in chicken and other
animal species in Europe (Dubey et al. 2005; Schliiter et al.
2014) and mimic field conditions as a cyst-forming strain
more precisely.

During the first 24 h after infection, we observed a mas-
sive decrease of the parasitic stage number to 36.7% of the
initial amount (1 h p.i.), followed by an approximately pla-
teau phase up to 48 h p.i. This is in line with findings from
Malkwitz et al. (2017) in separate, 1. gondii-infected chick-
en cell cultures of erythrocytes or thrombocytes and proves
the lacking suitability of these cell types to host 7. gondii.
However, we observed an increased replication of 7 gondii
at 48 h p.i. in individual cell cultures obtained from single
chickens. This may be explained by a varying composition
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Fig. 4 Flow cytometric analyses of control and 7. gondii-infected PBMC
(RH-GFP) after 24 h of cultivation (experiment 2; mean, standard
deviation). a Percentage of 7. gondii-positive immune cell subsets
(CD4", CD8u", v6 T cells, B cells, and monocytes/macrophages) of
control and 7. gondii-infected PBMCs after 24 h of cultivation

of the isolated blood cell cultures obtained from different
chickens. Since the different blood cell populations and
their interaction are essential for innate and adaptive im-
mune function to control the parasite population, the effica-
cy of signaling pathways may depend on the proportions of
different immune cells available at 48 h p.i. A similar vari-
ation in individual chicken PBMC culture composition has
been demonstrated before by Fair et al. (2008). Fair et al.
(2008) examined blood samples from 284 adult chickens by
flow cytometry and detected a large range in different lym-
phocyte subpopulations like CD3*, CD4*, or CD8". The
author assumed that this variability may be attributed to
individual health or condition variables or stress due to en-
vironmental factors. Besides, some cell types are already
known to serve as important host cells for 7. gondii in chick-
en like monocyte-derived macrophages (Quéré et al. 2013;
Malkwitz et al. 2013, 2017) which form about 48 to 72 h
after blood cell isolation. Other cell types such as thrombo-
cytes or erythrocytes seem not to hold a relevant host cell
function in chicken (Malkwitz et al. 2017) thus the exact
proportion of blood cells available in the individual cultures
at48 h p.i. may play a crucial role for the variation observed.

Previous long-term studies in our laboratory with pure
monocyte-derived macrophages cultures infected with
T. gondii strain ME49 (type 1) or NED (type III) indicated a
decrease of parasite stages until 12 h p.i., followed by an
increase until 36 h (ME49) or 48 h p.i. (NED) and a subse-
quent distinct decrease of parasite stages until 72 h p.i.
(Malkwitz et al. 2018). However, differences to our experi-
ment may be explained by the cultivation of mixed chicken
blood cells instead of monocultures, a different MOI, and a
slightly changed cultivation procedure.
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(*p<0.05; ANOVA). b Comparison percentages of immune cell
subsets (CD4", CD8«*, v& T cells, B cells, and monocytes/
macrophages) within CD45" leukocytes between control and 7. gondii-
infected PBMCs after 24 h of cultivation

Since a clear decrease of parasite stage numbers was obvi-
ous in our mixed chicken blood cell culture, we conclude that
chicken blood is not a major site of parasite replication but
serves predominantly for parasite transport only. In addition,
monocyte-derived macrophages may function as Trojan hors-
es for entry of and later replication in tissues (Da Gama et al.
2004; Courret et al. 2006; Unno et al. 2008).

In our experiment, we examined mRNA expression of differ-
ent cytokines as representatives for Thl (IFN-y, TNF-o0) and
Th2 (IL-10) immune response and iNOS produced by mono-
cytes/macrophages. We observed mainly significantly increased
iNOS mRNA expression from 12 h to 48 h p.i. in T gondii-
infected cells compared to uninfected control cells with an ap-
proximately 10-fold higher level at 48 h p.i. in comparison to 1 h
p.i. Upregulation of iNOS expression in chicken monocyte-
derived macrophage culture following 7. gondii infection has
also been reported lately by Malkwitz et al. (2018). In contrast,
DaMatta et al. (2000) did not detect NO production in chicken
macrophages infected with 7" gondii. Inhibition of NO produc-
tion is also described in chicken macrophage cell lines MQ-
NCSU and HD11 during T gondii infection (Guillermo and
DaMatta 2004). Similar results were found in murine macro-
phages (Seabra et al. 2002; Liider et al. 2003). These differences
to our findings may be explained by usage of type I strain (RH)
of T" gondii in most of these studies in contrast to type II strain
(MEA49) in our experiment. However, Liider et al. (2003) used
also 7. gondii type 11 strain (NTE) for infection and examined a
downregulation of iNOS mRNA levels by 7 gondii in IFN-y
and IFN-y/LPS-treated RAW264.7 cells. At the same time, NO
production was dose-dependently reduced by 7. gondii or only
marginally detectable. Nonetheless, it has to be taken into con-
sideration that it cannot necessarily be assumed that iNOS
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Fig. 5 CLSM picture of infected
PBMC culture 24 h p.i. stained
with DAPI (blue nuclei). Merge
of transmitted and ultraviolet light
(excitation with 488 and 405 nm
laser; experiment 2). a Free

T. gondii tachyzoites (green)
located between nuclei (blue) of
different PBMC. b Monocyte
with intracellular tachyzoite
(green; arrow)
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Fig. 6 CLSM picture of infected
PBMC culture 24 h p.i. stained
with BU1 and an anti-IgG1
antibody labeled with Alexa Fluor
546. Counterstaining with DAPI
(experiment 2). a B cell (red) with
tachyzoite (green; arrow). Larger
green round structures may
represent fixation artifacts. b B
cell (red) with tachyzoite (green;
arrow) and B cell (red) in close
contact with tachyzoite (green;
arrowhead)

mRNA expression correlates with NO production. Moreover, it
can be speculated that 7" gondii may inhibit NO production at a
later stage after initial mRNA formation, while iNOS mRNA
expression itself is not altered. Nevertheless, it is known that
NO plays an important role in inhibition of 7" gondii replication
(Adams et al. 1990; Zhao et al. 2009).

Regarding Th1 immune response, we detected significant-
ly increased TNF-o«c mRNA expression 48 h p.i. in the infected
cultures compared to control cells. Over time, an initial de-
crease (1 h to 24 h p.i.) of mRNA expression followed by a
statistically significant increase (24 h to 48 h p.i.) could be
observed. Robben et al. (2004) described increased TNF-«
levels in murine macrophages following 7. gondii type 11 in-
fection. Similar findings are reported regarding serum mea-
surements in 7 gondii-infected mice (Dias et al. 2014) and
mRNA expression levels in spleens of the fat-tailed dunnart
(Sminthopsis crassicaudata) experimentally infected with

@ Springer

T. gondii (Donahoe et al. 2017). Strikingly, Butcher and
Denkers (2002) described inhibition of TNF-o production in
murine macrophages, but used 7. gondii type 1 for infection.
This fact illustrates that parameters like 7. gondii strain, host
species, or infection dose influence the course of immunolog-
ical pathways, like also reported by Kim et al. (2006)
concerning influence of 7. gondii genotype on IL-12 regula-
tion. Surprisingly, we did not detect increased IFN-y mRNA
expression in infected cells. As NK cells and T lymphocytes
are main sources for IFN-y (Hunter et al. 1994; Dupont et al.
2012), we assume a low amount of these cells in our culture,
leading to a low sensitivity in detecting this kind of response,
or an effective inhibition via the Th2 immune response.

In respect to the measured Th2 response, higher IL-10
levels in infected cells compared to control cells reflect the
initiation of counter-regulatory mechanisms. Robben et al.
(2004) also described elevated IL-10 levels in 7. gondii-
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Fig. 7 CLSM picture of infected PBMC culture 24 h p.i. stained with
CD8« and an anti-IgG1 antibody labeled with Alexa Fluor 546.
Counterstaining with DAPI. Cytotoxic T cell (red) with tachyzoite (green;
arrow) (experiment 2)

infected murine macrophages. Similar findings are reported
by Khan et al. (1995) in splenocytes of infected mice.
T. gondii is known to trigger production of anti-
inflammatory cytokines such as IL-10 or transforming growth
factor-f3 (Gazzinelli et al. 1996) for achieving an adequate
balance between immune-regulating mechanisms.

Differentiation of avian leukocytes by flow cytometry has
already been described for thrombocytes (Viertlboeck and
Gobel 2007), lymphocyte subpopulations (Fair et al. 2008),
and monocytes/macrophages (Mast et al. 1998).

By using 7. gondii tachyzoites expressing GFP for infec-
tion of our chicken PBMC culture, the generated flow cyto-
metric data confirm monocytes/macrophages as main target
cells for 7. gondii.

20/um

Fig. 8 Light-microscopic picture of infected PBMC culture 24 h p.i.
using a polyclonal anti-Toxoplasma gondii rabbit antibody-FITC and goat
anti-rabbit immunoglobulin labeled with horseradish peroxidase.
Counterstaining with hematoxylin. Nuclei (blue) of PBMC and
intracellular tachyzoite (brown; arrow) (experiment 2)

About 11.2% of B cells and/or monocytes/macrophages
(BU1) were T. gondii positive. This suggests that B cells are
also capable to host tachyzoites; however, it has to be consid-
ered that the marker BU1 also slightly stained monocytes/
macrophages. Different T-cell subpopulations like CD8oc*-,
CD4*-, or v T cells seem to be targeted by 7. gondii only
to a very low extent (<3.13%).

We observed a slight decrease of monocytes/macrophages
and B cells in the infected cell culture compared to uninfected
cells, although this was not statistically significant. It can be
assumed that besides holding host cell and shuttle function
(Courret et al. 2006; Unno et al. 2008; Quéré et al. 2013;
Malkwitz et al. 2013, 2017) or direct parasite killing by mac-
rophages (Anderson and Remington 1974; Jones et al. 1975),
a proportion of these cells may undergo apoptosis or necrosis
due to intracellular parasites. It is known that 7 gondii con-
siderably modulates apoptosis of infected as well as uninfect-
ed host cells (Liider and Gross 2005). Interestingly, by trig-
gering (Khan et al. 1996; Gavrilescu and Denkers 2001;
Mordue et al. 2001) or inhibiting cell death program (Nash
et al. 1998; Goebel et al. 1999; Payne et al. 2003), 7. gondii is
able to facilitate its intracellular development and persistence
in the host.

Visualization of the infected cell cultures by CLSM con-
firmed monocytes/macrophages as host cells for 7. gondii.
Additional staining with BU1 revealed positive B cells and/
or monocytes/macrophages that corroborates flow cytometry
results. 7 gondii-positive cytotoxic T cells were detected only
occasionally by using CD8« staining. It could be possible that
the found co-localizations between cytotoxic T cells and
T. gondii have happened by chance, as the obtained flow cy-
tometry results are also very low (1.12%). In contrast to
Malkwitz et al. (2017), who detected 7. gondii replication in
monocyte/macrophages culture, we did not observe parasite
replication within any host cell at 24 h p.i. Visual observation
was only carried out at 24 h p.i., which is a weakness of this
experiment. It can be assumed that sampling at additional time
points until 48 h p.i. may have revealed a different picture.

In conclusion, we demonstrated by using flow cytometry
and CLSM of mixed chicken blood cell culture that
monocytes/macrophages and to lesser extent B cells are sus-
ceptible for 7" gondii infection. Indications of 7 gondii-posi-
tive cytotoxic T cells have been found only rarely. However,
monocytes/macrophages could be confirmed as main target
cells. Decrease of parasite stages until 48 h p.i. may be ex-
plained due to immediate and effective immune response.
Seemingly, avian blood is not a preferred replication medium
for 7. gondii. Results of our investigations concerning cyto-
kine expression indicate that the innate cellular immune re-
sponse is dominant, represented by an activation of
monocytes/macrophages and up-regulation of iNOS mRNA
expression. We conclude that besides holding a host cell func-
tion, monocytes/macrophages play a crucial role for triggering
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immune response and host defense mechanisms to achieve
inhibition of 7. gondii replication. Further studies are required
to reveal more information regarding parasite—host cell inter-
action in the complex medium blood.
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