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Abstract Toxoplasma (T.) gondii is able to infect various cell
types in different hosts. The replication of this parasite within
different peripheral mononuclear blood cell populations in
chicken has not yet been fully understood. Aim of the present
study was to investigate the impact of chicken erythrocytes
and thrombocytes as potential host cells for 7. gondii. Cultures
of primary avian erythrocytes and thrombocytes were inocu-
lated with tachyzoites of 7. gondii type 1l strain ME49.
Parasite replication was detected by a quantitative real-time
PCR at different times postinoculation until 24 or 48 h, re-
spectively, displaying long-term investigations for the chosen
cultures. The parasite replication curve showed a continuous
decrease of parasite stages in erythrocytes and thrombocytes.
Observations by light microscopy showed massive destruc-
tion for both cell populations. Few macrophages in between
the infected thrombocytes were viable during the investigation
period and showed internalised tachyzoites by confocal laser
scanning microscopy. These findings show that 7. gondii is
not capable of replication in chicken erythrocytes and throm-
bocytes; therefore, both cannot be considered as potential host
cells. In further consequence, monocyte-derived macrophages
seem to be the key to the dissemination mechanisms for
T. gondii in chicken.
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Introduction

Toxoplasma gondii (T. gondii) belongs to the class
coccidia and is known to be an important parasite in
mammals but in other vertebrates as well. Moreover, the
number of potential host cells is as vast as the nucleated
cell populations of an organism. Regarding the investiga-
tions into infection and invasion, respectively, the focus of
most experiments was on leukocytes and their pathogen
host interaction with the parasite.

Previously, different authors have shown the capability of
T. gondii to replicate in chicken macrophages (Malkwitz et al.
2013; Quéré et al. 2013) inferring the important role of these
professional phagocytes of the innate immune defence as a
possible harbours for tachyzoites during the infection.
However, other cell populations of tissue or blood might be
of potential importance for the pathogenicity of tachyzoites.

Thus, erythrocytes of different host species may be invaded
by tachyzoites of 7 gondii (Schupp et al. 1978; Tanabe et al.
1980). Since these red blood cells show a variable metabolism
between different species and are even nucleated in birds, the
question of their susceptibility to the 7. gondii infection and
the capacity of 7. gondii to survive develop and replicate with-
in these cells arises. The same applies to chicken thrombo-
cytes (DaMatta et al. 1998; St Paul et al. 2012). Erythrocytes
and thrombocytes together represent about two-thirds of the
blood cells in circulation in chickens.

Aim of the present study was to gain further knowledge
about the susceptibility of chicken erythrocytes and thrombo-
cytes for 7. gondii infection. Both cell populations were infect-
ed in vitro with tachyzoites of 7. gondii. The activity of parasite
replication was determined by calculating the number of para-
sitic stages (tachyzoites) in erythrocytes and thrombocytes,
respectively. The observations were made using a long-term
infection and collated to similar experiments with the according
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population of macrophages to compare the host cell skills of
thrombocytes and erythrocytes, respectively.

Materials und methods
Experimental design
Host cells

Erythrocytes (culture 1) Erythrocytes were isolated as
previously described by St Paul et al. (2013). Briefly, erythro-
cytes were gained ex vivo from chicken (Brown Leghorn
chickens). Repeated blood sampling of the chickens was
approved by local authorities in accordance with current
German and European animal welfare legislations (animal
trial notification no. V13/12, at Landesdirektion Sachsen,
Leipzig, Germany). Blood was taken from the wing vein
(Vena cutanea ulnaris) into citrate coated specimen cups
(WDT, Garbsen, Germany), diluted with phosphate buffered
saline (PBS) and centrifuged in Biocoll® separating solution
(density 1.077 g/ml; Biochrom AG, Berlin, Germany) to sep-
arate the leukocyte part of the peripheral blood mononuclear
cell fraction (PBMC). During the whole isolation and cultiva-
tion, blood samples were handled separately to prevent indi-
vidual cross-reaction. For each isolate, the sedimented eryth-
rocytes were washed with PBS and counted by use of a
Neubauer chamber to generate a constant cell number per well.
Erythrocytes were suspended in RPMI-1640 medium (PAA,
Coelbe, Germany), supplemented with 10 % chicken serum,
penicillin (100 U/ml, PAA), streptomycin (0.1 mg/ml, PAA)
and amphotericin B (0.0025 mg/ml, PAA), seeded in 24-well
tissue culture dishes (about 1 x 10° per ml, TPP, Trasadingen,
Switzerland) and incubated at 40 °C with 5 % CO,.

Thrombocytes (culture 2) The leukocyte part of the periph-
eral blood mononuclear cells (PBMC) was generated ex vivo
from chicken blood (Brown Leghorn chickens) following the
same procedure as previously described (Malkwitz et al. 2013).
After the gradient centrifugation, the separated PBMC fraction
was washed with PBS and cultivated from pooled blood using
6-well tissue culture dishes (TPP, Trasadingen, Switzerland)
instead. After 24 h, the supernatant was removed and the
remaining adherent cell cultures were washed with PBS and
incubated with fresh medium for further usage.

Monocyte-derived macrophages (culture 3) For isolation of
monocyte-derived macrophages (MM), parts of the primary
cell cultures generated using the isolation described above
(2.1.1.2 Thrombocytes) were cultured without any manipula-
tion for 48 h to let derived macrophages adhere, as previously
described (Malkwitz et al. 2013). Then, gained primary MM
were washed with PBS and replaced with fresh medium.
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T. gondii tachyzoites

Tachyzoites of the type II ME49 strain (Lunde and Jacobs
1983) were maintained at 37 °C in VERO cell cultures
(ECACC catalogue no. 84113001) using IMDM medium with
5 % foetal calf serum and penicillin (100 U/ml, PAA), strep-
tomycin (0.1 mg/ml, PAA) and amphotericin B
(0.0025 mg/ml, PAA). Parasites were acquired directly before
use by harvesting tachyzoites from destroyed VERO cultures.

For visual demonstration of tachyzoite replication in MM
only, isolated adherent cultures were infected with type I strain
RH-GFP (strain RH, genetically modified to express green
fluorescent protein (GFP), kind gift of Prof. Dominique
Soldati-Favre, University of Geneva Medical School,
Switzerland).

Infection

Infections were performed at a multiplicity of infection (MOI)
of 1 tachyzoite per blood cell for all investigated cell types,
which is within the usual dose range (Guillermo and DaMatta
2004; Ong et al. 2011; Seabra et al. 2002). The absolute num-
ber of blood cells per well varied slightly between the cultures
for adherent PBMC and MM at the time point of infection.
Thus, cell numbers in representative wells were counted di-
rectly before infection to calculate the applicable MOL.

For erythrocytes, infection was performed directly after
ex vivo generation. Samples were analysed at different
time points after infection until 24 h postinfection (p.i.).
Thrombocytes were infected 12 h after seeding and sam-
ples of infected cultures were collected for analysis until
48 h p.. Infection of MM was performed at 72 h after
seeding and cells were collected for analysis at different
time points until 48 h p.i.

Flow cytometry

To characterise the adherent primary cell populations used for
infection, representative wells were harvested after 24 h of
cultivation as described before (Malkwitz et al. 2013) and
tested for cellular composition. Cellular characteristics were
determined by flow cytometry using a FACS Canto II (BD
Biosciences, Heidelberg, Germany) equipped with a 488- and
633-nm laser. Cell populations were detached from the plate
by incubation with accutase (PAA, Piscataway, USA) for
30 min, washed with PBS and scraped. Gained primary cells
were immediately stained with fluorescein isothiocyanate
(FITC)—or phycoerythrin (PE)-conjugated mouse anti-
chicken monoclonal antibodies (Southern Biotechnology
Associates, Eching, Germany) directed against the following
immune cell subpopulations: monocytes/macrophages (clone
KULO1), alpha/beta T cells (TCRx3/Vf31; clone TCR-2), B
cells (Bu-1; clone AV20) and thrombocytes (clone K1, kind
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Fig. 1 Median parasite replication in chicken erythrocyte cultures
(normalised based on 1 h p.i. values)

gift from Prof. Bernd Kaspers, LMU Munich). In addition,
size scatter properties were regarded.

The proportion of dead cells was calculated by propidium
iodide (Sigma, Taufkirchen, Germany) staining. Data acquisi-
tion and analysis were performed as previously described
(Pieper et al. 2011).

Light microscopy

Growth, morphology and the course of infection were moni-
tored by light microscopy (DM IRB, Leica, Bensheim,
Germany) before and after infection for all cultures over the
whole study period.

CLSM

The adherent primary cells of the thrombocyte isolation (cul-
ture 2) were additionally examined by means of two confocal
laser scanning microscopes (TCS-SP2 and TCS SP8 Leica,
Bensheim, Germany).

To demonstrate cell morphology as well as infection of the
cells with the parasites, thrombocyte cultures and MM cul-
tures were grown on micro culture slides (BD Biosciences,
San Jose, California, USA), infected or not with the
tachyzoites (described below) and fixed with methanol for
10 min. Cell morphology was analysed by staining of cell
nuclei by 4',6-diamidino-2-phenylindole (DAPI, Sigma) and
cytoplasm using Evans blue (Sigma). DAPI was additionally
used for visualising intracellular and extracellular tachyzoites

Fig. 2 Erythrocyte cultures. a Erythrocytes 1 h p.i. with cellular detritus
(arrow) and free tachyzoites (arrowhead) in between; b 8 h p.i. few
erythrocytes left, considerable amounts of cellular detritus (arrow) and
free tachyzoites (arrowheads) are observed; ¢ 24 h p.i. minor changes

compared with 8 h p.i., some erythrocytes are present as well as single
free tachyzoites (arrowhead) and cellular detritus (arrow); and d
uninfected control (time point according to 24 h p.i.). (a—d light
microscopy, *400 optical magnification)
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within the cultures. Staining procedures, adjustment of the
vonfocal laser scanning microscopy (CLSM) and CLSM
analysis was performed as described (Berndt et al. 2007,
Malkwitz et al. 2013).

Quantitative assessment of parasite replication

The parasite burden was assessed in duplicates for every time
point including uninfected negative control wells at the end
(n =6 wells per time point for every cell culture type).

For erythrocytes (culture 1), the duplicates were performed
atl hpi,4hpi,8hpi, 12hp., I8 hp.i, and 24 h p.i. due
to the limited viability of infected cells, which did not survive
longer.

For thrombocytes (culture 2) and MM (culture 3), samples
were collected at 1 hp.i.,, 8 hp.i.,24 hp.i., 36 hp.i., and 48 h p.i.

The number of tachyzoites at each sampling time point was
determined by quantitative 7 gondii deoxyribonucleic acid
(DNA) detection employing a real-time quantitative PCR
(qPCR) technique based on the 529-bp fragment specific for
T. gondii as described formerly (Edvinsson et al. 2006).

For data analysis, the absolute replicate numbers were nor-
malised (as percentages of the 1 h p.i. value) because of the
variance of the actual number of tachyzoites applied on the
respective culture wells (erythrocytes, thrombocytes, MM).

Statistical evaluation of the parasite replication data was
performed using IBM SPSS® Statistics 20 package (IBM
Corporation, New York, USA). Data was analysed for normal
distribution by Kolmogorov-Smirnov test. Because of non-
normal distribution, group differences were tested by
Kruskal-Wallis and subsequent Mann-Whitney U test.

Results

Flow-cytometric characterisation of host cell cultures 2
and 3

Thrombocyte culture (culture 2)

A mean total of 80.9 % of the living cells were positively
stained for the avian thrombocyte-marker K1. Additionally,
about 13.8 % of all viable cells were stained positively for the
avian monocyte/macrophage marker KULO1. Besides, T- and
B-lymphocytes were present to a low extent. The average via-
bility in the thrombocyte culture was 89.5 %.

Primary MM culture (culture 3)
The MM culture showed a purity similar to prior investiga-
tions with approx. 79.3 % macrophages and 16.2 % T and

3.1 % B-lymphocyte contamination. The culture viability
was 91.9 % in average.
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Fig.3 aMedian parasite replication in chicken thrombocyte cultures
(culture 2); b median parasite replication in derived macrophage
cultures (culture 3); and ¢ extrapolated curve of parasite
replication in pure thrombocyte cultures (normalised basing on 1 h
p.i. values)

Parasite replication in erythrocytes (culture 1)

In infected erythrocyte cultures, the number of parasites de-
tected by real-time PCR was significantly decreased
(P<0,002) to 25 % of the initial infection dose at 8 h p.i.
and 10 % at 12 h p.i., respectively (Fig. 1). However, during
further 12 h of cultivation, there were no additional changes in
the measurable replication number.

The observations at light microscopy showed cellular dam-
age at 4 h p.i. already with increasing amount of cellular detritus
during the course of the infection. Neither morphologically
intact erythrocytes nor tachyzoites of 7. gondii were seen mi-
croscopically at 12 h p.i. besides the remainders of damaged
cells (Fig. 2a—c). In the uninfected control, erythrocytes
remained intact until the end of the observation period (Fig. 2d).

Fig. 4 Thrombocyte cultures (culture 2) a 3 h p.i. thrombocytes with P>
some macrophages (arrow) b 24 h p.i. decreased number of
thrombocytes, while macrophages (arrow) show proliferation, thrombo-
cytes (star) are granulated in between cellular detritus; ¢ 48 h p.i. single
attached thrombocytes (star) in-between enhanced cellular detritus and
some macrophages (arrow); and d uninfected control (according to time
point 48 h p.i.). (a—d light microscopy, x400 and x100 optical
magnification)
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Parasite replication in adherent cell cultures 2 and 3
Quantification of infection

In general, the replicate number measured by qPCR showed
an initial decrease (P < 0. 01) of the number of parasites in the
adherent thrombocyte culture as well as in the MM culture
during the first 12 h p.i. (Fig. 3a, b).

In thrombocytes, the level of parasite stages at 12 h p.i. is
about 3 % of the initial infection dose. This was followed by a
moderate increase (P <0.01) of nearly 50 % of the initial
infection dose until 48 h p.i.

The replication rate for 7. gondii-tachyzoites in infected
MM cultures showed a significant increase (P=0.019)
from 12 h p.. until 48 h p.i. reaching a proliferation rate
of nearly 300 % compared to the initial infection dose
(Fig. 3b).

Since the thrombocyte cultures still contained approx.
13 % macrophages which are suitable for parasite replication
as shown above, we extrapolated the potential parasite repli-
cation curve (Fig. 3c) for a hypothetical pure thrombocyte
culture by the following formula:

hv = median parasite copy no. in culture 2' — (median par-
asite copy no. in culture 3' x 0,13%)

where hv is the hypothetical value of parasite copy no. by
replication in a pure thrombocyte culture, ' is the copy no. for
each time point normalised based on 1 h p.i. values, and >
complies with the percentage of contained macrophages in
thrombocyte culture.

The hypothetic, estimated replication curve for 7 gondii in
infected pure thrombocyte cultures is given in Fig. 3¢ and
indicates a steady decrease in parasitic stages.

Light microscopy

Observations of 7. gondii-infected cultures by light microscopy
showed similar results (Fig. 4) for both adherent cultures. At3 h
p-i., the adherent PBMC included a heterologous cell population
of mainly thrombocytes and additionally few macrophages.
There seemed to be no morphological changes in the thrombo-
cytes, whereas the macrophages appeared more granulated. The
number of viable cells was reduced obviously at 24 h p.i. Nearly
no viable thrombocytes were left, but mostly macrophages were
found as surviving cell population in the culture. In contrast, the
control group of primary cultured thrombocytes showed no con-
stitutional changes at the corresponding time points.

At 3 hp.i., the MM (culture 3), which had been sub-cultivated
out of the thrombocyte isolation, showed some vacuolisation. No
free infectious stages of 7. gondii were found until 24 h p.i. and
no morphological changes could be detected in the infected cell
cultures. Then, macrophages started to proliferate, to balloon and
to detach in cell clusters, while single tachyzoites were rarely
observed. At 48 h p.i., the number of proliferating macrophages
as well as of free tachyzoites was highly increased. There were
high amounts of detached cell clusters and hardly any morpho-
logically unaltered macrophages.

The uninfected controls, in contrast, remained viable
until the end of the observation period without peculiar
morphological changes (Fig. 4d).

Confocal Laser Scanning Microscopy
Using DAPI stain for infected thrombocyte cultures, nuclei of

tachyzoites were detected intracellularly in the macrophages
close to the host cell nucleus (Fig. 5) but not in the

2543 pm

Fig. 5 CLSM picture of thrombocyte culture (24 h p.i.) stained with DAPI (blue nuclei). a Infected culture showing intracellular localisation of ME49
tachyzoite nuclei (arrow) next to host cell nuclei (arrowhead) in macrophages only. b Uninfected control (according to time point 24 h p.i.)
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Fig. 6 CLSM picture of MM
infected with ME49 showing a
Evans blue stain of macrophage
cytoplasm, b DAPI stain of
nuclei, and ¢ merge
demonstrating intracellular
localisation of tachyzoites

thrombocytes. Uninfected cultures showed no evident alter-
ations. In culture 3, it was obvious that parasite replication
took place in MM (Fig. 6) which was additionally confirmed
by CLSM on RH-GFP-infected cultures (Fig. 7).

Fig. 7 CLSM picture of MM culture (culture 3) stained with DAPI and
using GFP-labelled 7' gondii illustrating 7. gondii invasion and replica-
tion in MM. a Merge of light and confocal microscopy (arrow: T. gondii
tachyzoites). b Confocal microscopy picture showing macrophage nuclei
(M; blue) and replicating tachyzoites (arrow; green)

Discussion

Erythrocytes are known to be invaded by tachyzoites of
T. gondii in mammals (Schupp et al. 1978) and in chickens
(Tanabe et al. 1980), respectively. Here, we demonstrate that
chicken erythrocytes are not suitable host cells for 7. gondii
tachyzoite replication undergoing cellular death after infection
which might be part of the primary immune response after
in vivo infection. There are already detailed results on effects
of red blood cells having enhancing effects on the immune
system in mammals (Nelson 1953; Hess and Schifferli 2003)
like modulating T cells (Porto et al. 2001). For vertebrates
with nucleated erythrocytes, even more physiological and im-
munological activities regarding intracellular signalling, tran-
scription, metabolism activity and secretion of immunoactive
substances (Simons 1983) have to be considered. Chicken
erythrocytes are known to be an intrinsic part of the innate
immune system being capable to react to pathogen-associated
molecular patterns (PAMPs) expressing transcripts for Toll-
like receptors (Morera et al. 2011; St Paul et al. 2013). They
are also able to express transcripts of cytokines and
chemokines inducing for instance the activation of macro-
phages or heterophils (Kogut et al. 2005; Passantino et al.
2007). As yet the complex biological functions of avian eryth-
rocytes are not clarified, as they might interact also as antigen-
presenting cells (Salomonsen et al. 1991).

Regarding the difficulties of experiments with primary
cells, especially thrombocytes with a low viability in cul-
ture systems (DaMatta et al. 1999), we were able to gen-
erate primary cultures of high purity and stability. As ob-
servations from light microscopy indicate, the viability of
thrombocytes was factual until the end of the experiments.
Thrombocytes are known to contribute to aspects of host
immunity as well (Assinger 2014). Additionally to their
hemostatic effects, platelets display a phagocytic and oxi-
dative activity towards bacterial and viral pathogens (Lam
1997; Wigley et al. 1999). They can also secrete several
different cytokines, which are stored in granules
(Lindemann et al. 2001) and stimulate different types of
immune cell-like monocytes, macrophages, lymphocytes
and heterophils (Clark et al. 2007; Feng et al. 2014).
Furthermore, thrombocytes express different Toll-like
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receptors after stimulation by different pathogens (St Paul
et al. 2012) and play an important role in the inflammatory
response (Ferdous and Scott 2015).

There is also information on platelet activation and
immune activity opposing different parasites. Control of
parasites by thrombocytes seems to be different from
other pathogens since aggregation of the pathogen is
the first important action (Da’dara and Skelly 2014;
Goddard et al. 2015). Additionally, infection of throm-
bocytes by tachyzoites of the parasite 7. gondii was
found to be an active penetration process rather than
phagocytosis (DaMatta et al. 1998). During our long-
term investigations on parasite replication of 7. gondii,
we have demonstrated that thrombocytes do not hold a
host cell function for this parasite. The initial and mas-
sive decrease of parasite stages of 7. gondii during the
first 12 h after infection is proving the lacking suitabil-
ity of thrombocytes to host that parasite. Taking into
account that the thrombocyte culture still contained
macrophages at a level of roughly 10 %, it can be
assumed that replication takes place in these according
to the results from the macrophage cultures and confo-
cal laser-scanning microscopy. The monocyte-derived
macrophages contained in the thrombocyte culture are
known to represent a replication reservoir for 7. gondii
(Malkwitz et al. 2013; Quéré et al. 2013). Even low
numbers may exert a crucial impact on the replication
of parasitic stages in mixed adherent PBMC cultures
since high replication rates are to be seen in macro-
phages as we have shown by further cultivation of ad-
herent macrophages from thrombocyte cultures and in-
fection of these (culture 3).

Therefore, it seems reasonable to extrapolate a potentially
constant decrease in pure thrombocyte cultures. However, the
increase of parasite stages in the thrombocytes at 12 h after the
infection needs to be investigated more detailed to clarify this
aspect. In conclusion, we demonstrate in stable cultures that
erythrocytes as well as thrombocytes, although nucleated, are
not suitable host cells for T gondii tachyzoites. However,
monocyte-derived macrophages could be confirmed as impor-
tant host cells. Moreover, thrombocytes were not able to pre-
vent the infection of co-cultured monocyte-derived macro-
phages in spite of their innate immune activity. Further studies
are required aiming at the details of immune reaction of
thrombocytes during 7. gondii infection and their interaction
with monocyte-derived macrophages as well as other immu-
nocompetent cell-like lymphocytes or granulocytes.
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