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Adhesion of Toxoplasma gondii 
tachyzoite-infected vehicle 
leukocytes to capillary endothelial 
cells triggers timely parasite 
egression
Minami Baba1,2, Tatiana Batanova1, Katsuya Kitoh1,2 & Yasuhiro Takashima1,2,3

Intracellular pathogens have numerous strategies for effective dissemination within the host. Many 
intracellular pathogens first infect leukocytes, which they use as a vehicle to transport them to target 
organs. Once at the target organ, intracellular parasite Toxoplasma gondii can cross the capillary wall in 
extracellular form by infecting endothelial cells. However, after egression from leukocytes, extracellular 
parasites face the risk of host immune attack. In this study, observation of infected mouse organs, using 
a method that renders tissue transparent, revealed that adhesion of tachyzoite-infected leukocytes to 
endothelial cells triggers immediate egression of the parasite. This signal enables the parasite to time 
egression from its vehicle leukocyte to coincide with arrival at a target organ, minimizing the opportunity 
for immune attack during the transition from a vehicle leukocyte to capillary endothelial cells.

Toxoplasma gondii is an obligate intracellular parasite responsible for congenital infections, abortion and oppor-
tunistic diseases in immunodeficient individuals. T. gondii can infect almost all organs of the body including the 
brain, heart, muscles and lung1. Infection by T. gondii mainly occurs via oral ingestion, and the ingested parasites 
invade from the small intestine2, 3.

It has been reported that T. gondii tachyzoites infect leukocytes in the lamina propria extravascular space4, 5  
and that T. gondii-infected leukocytes in the general circulation transport the tachyzoites to the peripheral 
organs6–8. However, it is still unknown how T. gondii transit from the infected leukocytes in the general circulation 
to solid organs. Recently, it has been reported that extracellular T. gondii tachyzoites in the capillary vessel could 
infect and replicate in endothelial cells9. This study showed that T. gondii tachyzoites pass through the vascular 
wall in a motile extracellular form. In the bloodstream, extracellular microorganisms face host immune attack. 
Although T. gondii tachyzoites display a certain level of resistance to complement10, extracellular tachyzoites 
directly injected into mouse tail veins rarely arrived at the target organs7, indicating that their resistance levels 
are insufficient for continued survival in the bloodstream. Therefore, for effective transition from leukocytes in 
the general circulation to solid organs, T. gondii must egress from the vehicle leukocyte near to the target organ 
thereby allowing egressed extracellular parasites to immediately enter target cells.

In this study, we revealed that T. gondii senses the arrival of their vehicle leukocytes at the target organs and 
then immediately egresses out from the host leukocyte. As an obligate intracellular parasite with limited capacity 
for extracellular survival, T. gondii does not randomly egress out from its vehicle cell but rather senses the loca-
tion within the host body and times egression to maximize its chances of survival.

Results
Tachyzoite-infected leukocytes remain in the lungs. The obligate intracellular parasite T. gondii is 
thought to disseminate throughout the host by circulation within tachyzoite-infected leukocytes in the blood7. 
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However, it remained to be determined how T. gondii tachyzoites transit from the general circulation to solid 
tissues. In this study, we injected tachyzoite-infected leukocytes (infection rate: 19.7–40.4%) into the tail vein of 
mice and visualized the flow of these leukocytes into the solid organs, lung and liver (Fig. 1a,b and Supplementary 
Fig. 1). Thirty minutes after injection, the infected leukocytes had reached the lung and liver (Fig. 1a and 
Supplementary Fig. 1). The infection rate of leukocytes that remained in the lung was statistically higher than that 
of the injected leukocyte suspension (Fig. 1b). Thirty minutes after injection, over half of the infected leukocytes 
in the lung appeared elongated in shape (Fig. 1c,d,e). The frequency of detection of elongated cells among the total 
number of infected cells increased with time (Fig. 1d). By contrast, most of the uninfected leukocytes maintained 
a round shape throughout the observation period (Fig. 1c and d). These results indicated that tachyzoite-in-
fected leukocytes adhere to solid tissue and remain in the lung more effectively than non-infected leukocytes. 
Tachyzoite-infected leukocytes in the liver also showed a similar tendency (Supplementary Fig. 1).

Egression of T. gondii tachyzoites from leukocytes. Konradt et al. revealed that tachyzoites infect 
vasculature endothelial cells during the invasion of a solid organ9. This study strongly suggested that tachyzoites 
do not pass through the vascular wall by extravasation of infected vehicle leukocytes but instead in a motile extra-
cellular form. However, it remained to be determined how tachyzoites in blood leukocytes transit to endothelial 
cells. Based on experiments in a cell culture system, intracellular tachyzoites were thought to receive signal(s) 
leading to egress after approximately 5 to 7 division cycles11. In our study and a previous study, tachyzoite pro-
liferation was shown to be strongly restricted in leukocytes12 (Fig. 2a,b). In the present study, to elucidate the 
timing of tachyzoite egression from leukocytes in the lung, tachyzoite-infected leukocytes were injected into 
the tail vein and changes in the number of intraleukocytic and extraleukocytic tachyzoites over a time course 
were evaluated in the lung. Few extraleukocytic tachyzoites remained in the leukocyte suspension at the time of 

Figure 1. Preferential attachment of infected leukocytes in the lung. (a) Representative confocal scanning laser 
microscope image of the lung at 30 min post injection of leukocytes from a GFP mouse. The circle indicates 
a red fluorescent tachyzoite-infected leukocyte. Arrows and arrowheads show non-infected and infected 
leukocytes, respectively. (b) Frequency of tachyzoite-infected cells among total GFP-positive leukocytes at 
the moment of injection (white) and in the lung (black). Results are presented as the mean ± S.E. Data were 
from three independent experiments and analysed using one-way ANOVA. Scheffe F-test was performed as a 
post hoc analysis. *p < 0.05 and **p < 0.01. (c) Representative images of round shaped (upper) and elongated 
shaped (lower) leukocytes. (d) Frequency of elongated shaped leukocytes in the lung. Solid and dashed 
lines indicate the frequency of elongated shaped leukocytes among infected and non-infected GFP-positive 
leukocytes, respectively, in the lung. Results are presented as the mean ± S.E. Data were from three independent 
experiments and analyzed using two-way ANOVA. Scheffe F-test was performed as a post hoc analysis. 
**Statistical difference between infected and non-infected leukocytes (p < 0.01). ††Statistical difference between 
4 h and 30 min post injection (p < 0.01). (e) Representative confocal scanning laser microscope image of the 
lung at 4 h post injection of tachyzoite-infected leukocytes. Arrows and arrowheads indicate extraleukocytic 
tachyzoites and infected leukocytes, respectively. (f) The number of extraleukocytic tachyzoites in the lung. 
Results are presented as the mean ± S.E. Data were from three independent experiments and were analysed 
using two-way ANOVA. Dunnett’s test was performed as a post hoc analysis. *Significant difference from the 
extraleukocytic tachyzoite number 30 min after leukocyte infection (p < 0.05).
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injection (5 × 106 intraleukocytic tachyzoites: 0–1.9 × 103 extraleukocytic tachyzoites/mouse). However, a few 
extracellular tachyzoites were observed in the lung 30 min after injection and the extracellular tachyzoite number 
increased during the 4-h observation period (Fig. 1e,f). These results suggested that tachyzoites within leuko-
cytes that remained in the lung rapidly egressed before proliferation. By contrast, a few extracellular tachyzoites 
were observed in the liver 30 min after injection and the extracellular tachyzoite number remained almost 
unchanged during the 4-h observation period (Supplementary Fig. 1). We hypothesized that the attachment 
of tachyzoite-infected leukocytes to endothelial cells triggers egression of tachyzoites. Therefore, we isolated 
mouse lung endothelial cells and co-cultured them with tachyzoite-infected leukocytes. As observed in the lung 
(Fig. 1b), tachyzoite-infected leukocytes in the co-culture system also attached to lung endothelial cells more 
effectively than non-infected leukocytes (Fig. 1e). Extraleukocytic tachyzoites were detected after just 30 min 
of co-culture, and the number of extraleukocytic tachyzoites increased with time over the entire observation 
period (Fig. 2d and Supplementary Fig. 2). However, when tachyzoite-infected leukocytes were cultured alone 
or separated from endothelial cells by a 0.4-µm mesh, the appearance of extraleukocytic tachyzoites was reduced 
(Fig. 2d and Supplementary Fig. 2). When tachyzoite-infected leukocytes and endothelial cells were co-cultured, 
following the increase in extraleukocytic tachyzoites, the number of infected leukocytes also decreased with 
time (Supplementary Fig. 2). These results indicated that tachyzoite egression from leukocytes was required for 
direct attachment of infected leukocytes to lung endothelial cells. Furthermore, secreted soluble factors from lung 
endothelial cells did not contribute to parasite egression.

Consistent with these results, we confirmed by time-lapse observations the egression of a single tachyzoite 
from a leukocyte after the leukocyte attached to an endothelial cell (Fig. 2e and Supplementary Video 1). When 

Figure 2. Adhesion to endothelial cells triggers tachyzoite egress from infected leukocytes. (a) The percentage 
of parasite vacuoles including replicated tachyzoites in Vero cells (dotted line) and leukocytes (solid line). 
Results are presented as the mean ± S.E. Data were from three independent experiments and were analysed 
using two-way ANOVA. Scheffe F-test was performed as a post hoc analysis. **Statistical difference between 
leukocytes and Vero cells (p < 0.01). ††Statistical difference compared with 24 h post infection (p < 0.01). (b) 
Replication times of tachyzoites in each vacuole. Results are presented as the mean ± S.E. White: 0, green: 1, 
yellow: 2, orange: 3, red: ≥4. Data are from three independent experiments. (c) Attachment of tachyzoite-
infected leukocytes to lung endothelial cells. Tachyzoite-infected leukocytes, with an infection rate of 7.3–
25.1%, were co-cultured with lung endothelial cells for 30 min. The frequencies of infected leukocytes among 
leukocytes in the supernatant (grey bar) and those attached to lung endothelial cells (red bar) are shown. 
Results are presented as the mean ± S.E. Data were from five independent experiments and were analysed 
using the Student’s t-test (*p < 0.05). (d) The relative number of extraleukocytic tachyzoites during in vitro 
culture of tachyzoite-infected leukocytes. The number of extraleukocytic tachyzoites in each culture 0.5 h after 
infection was considered as “1”. Infected leukocytes were cultured alone (white), cultured with lung endothelial 
cells separated by 0.4-µm mesh (grey) or attached to lung endothelial cells (red). Results are presented as the 
mean ± S.E. Data were from five independent experiments and were analysed using the Student’s t-test adjusted 
with the Holm method. Statistical differences were calculated at each time point (*p < 0.05, **p < 0.01). (e) 
Egress of a single tachyzoite from an infected leukocyte attached to lung endothelial cells.
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the tachyzoite egressed, green fluorescent protein in the leukocyte cytoplasm leaked out, indicating that egression 
is a cytolytic event.

Rapid egression of tachyzoites from monocytes. Although T. gondii can infect each type of leu-
kocyte including dendritic cells, monocytes, lymphocytes and neutrophils, myeloid cells are more susceptible 
to T. gondii infection than other types of leukocyte and are mainly responsible for transporting tachyzoites to 
solid organs6, 13. Therefore, we repeated several experiments using purified monocytes instead of bulk leuko-
cytes. Similar to bulk leukocytes, tachyzoite-infected monocytes also attached to lung endothelial cells more 
effectively than non-infected monocytes (Fig. 3a). Thirty minutes after commencing co-culturing of endothelial 
cells and tachyzoite-infected monocytes, significantly more extramonocytic tachyzoites were observed compared 
with monocytes cultured alone or with endothelial cells separated by mesh (Fig. 3b,d, Supplementary Fig. 2, and 
Supplementary Video 2). After that time, further egression was not observed from the monocytes co-cultured 
with endothelial cells (Fig. 3c and Supplementary Fig. 2). These results indicated that egression of tachyzoites 
occurred more rapidly (within 30 min) from monocytes than from other types of leukocytes.

Contribution of CD162, expressed by endothelial cells, to tachyzoite egression. Primary mouse 
vascular endothelial cells maintain their endothelial properties for at least two to three passages, and are used 
widely as an endothelial cell model during this time period14, 15. We also confirmed that there was no statisti-
cally significant difference in the total number of attaching leukocytes between freshly isolated and passaged 
endothelial cells (Fig. 4a). However, when we focused on tachyzoite-infected leukocytes, many more infected 
leukocytes attached to the freshly isolated endothelial cells (Fig. 4b). In addition, egression of tachyzoites from the 
infected leukocytes was observed only when the vehicle leukocytes attached to the freshly isolated cells (Fig. 4c 
and Supplementary Fig. 3). These results indicated that the endothelial cells maintain the majority of endothelial 

Figure 3. Rapid egress of tachyzoites from monocytes. (a) Preferential attachment of tachyzoite-infected 
monocytes to lung endothelial cells. Tachyzoite-infected monocytes, with an infection rate of 21.1–39.2%, 
were co-cultured with lung endothelial cells for 30 min. The frequencies of infected leukocytes among the 
leukocytes in the supernatant (grey bar) and among those attached to lung endothelial cells (red bar) are 
shown. Results are presented as the mean ± S.E. Data were from three independent experiments and were 
analysed using the Student’s t-test (*p < 0.05). (b and c) Rapid egress of intramonocytic tachyzoites. (b) 
Comparison between extracellular and infected monocyte numbers. Egressed tachyzoite-infected monocytes 
were cultured alone (white), co-cultured with lung endothelial cells separated by 0.4-µm mesh (grey) or co-
cultured with lung endothelial cells with direct contact (red) for 30 min. Then, the number of extramonocytic 
tachyzoites in each culture was determined. Results are presented as the mean ± S.E. Data were from three 
independent experiments and were analysed using one-way ANOVA. Scheffe F-test was performed as a post 
hoc analysis (*p < 0.05, **p < 0.01). (c) The relative number of extramonocytic tachyzoites during in vitro 
culture of tachyzoite-infected monocytes. The conditions were similar to those presented in Fig. 2d. Monocytes 
were either cultured alone (white), with endothelial cells separated by mesh (grey) or with direct contact to 
endothelial cells (red). Results are presented as the mean ± S.E. Data were from three independent experiments 
and were analysed using the Student’s t-test at each time point (NS: no statistical difference). (d) Egress of 
tachyzoites from an infected monocyte attached to lung endothelial cells.
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properties but specifically lost the ability to selectively attach to tachyzoite-infected vehicle leukocytes and trigger 
tachyzoite egress, within only two to three passages. Therefore, we compared the expression level of 88 genes cod-
ing for cell adhesion-related proteins between the freshly isolated and three times passaged endothelial cells. After 
three passages, the expression levels of 13 genes were decreased more than 2-fold (Fig. 4d and Supplementary 
Table S1). It has been reported that T. gondii-infected leukocytes attach to vascular endothelial cells via E-selectin, 
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)16. However, the 
expression levels of these three genes were maintained or even increased throughout the three passages (Fig. 4d, 
Supplementary Fig. 3, and Supplementary Table S1). Among the 13 genes that showed significantly decreased 
expression levels after three passages was the gene encoding selectin-P ligand (Selplg), also known as CD162, a 
known mediator of the first step of leukocyte and endothelial cell attachment17. This molecule is widely expressed 
on leukocytes and binds to all types of selectins but predominantly P-selectin. By contrast, only a few reports 
have shown low level expression of CD162 on the surface of vascular endothelial cells18, 19. We carried out immu-
nostaining and confirmed that a portion of freshly isolated lung endothelial cells expressed CD162 even in a 
non-inflammatory steady state (Fig. 4e and Supplementary Fig. 3). CD162 immunostaining was observed in the 
nearby nucleus (Fig. 4e). The anti-CD162 antibody also stained unfixed/unpermeabilized cells (Supplementary 
Fig. 3). This suggested that CD162 is expressed on the surface of freshly isolated lung endothelial cells. The reduc-
tion in CD162 expression at the protein level after serial passage of the lung endothelial cells was also confirmed 

Figure 4. Role of CD162 in tachyzoite egression. (a and b) The number of leukocytes attached to freshly 
isolated and 2–3 times passaged endothelial cells (meshed and colored bars, respectively). The numbers of 
total leukocytes and tachyzoite-infected leukocytes are shown (a and b, respectively). Results are presented 
as the mean ± S.E. Data were from three independent experiments. Statistical analysis was carried out using 
the Student’s t-test (**p < 0.01, N.S.: No statistical difference). (c) The relative number of extraleukocytic 
tachyzoites that appeared after co-culture. Meshed and filled bars indicate co-culturing with freshly isolated 
endothelial cells and 2–3 times passaged endothelial cells, respectively. Leukocytes were cultured either with 
endothelial cells separated by mesh (grey) or with direct contact to endothelial cells (red). Statistical analysis 
was carried out using the Student’s t-test adjusted with the Holm method. Statistical differences between 
isolated and passaged endothelial cells (*p < 0.05) and between non-attached and attached leukocytes 
(†p < 0.05, ††p < 0.01, N.S.: No statistical difference), respectively, are indicated. (d) Relative expression levels 
of genes encoding adhesion molecules between the freshly isolated and 3-times passaged endothelial cells. 
Genes for which the expression level was down- or up-regulated by more than 2-fold during serial passage 
are indicated by blue and red bars, respectively. Grey bars indicate housekeeping genes. Arrows show Selplg 
(CD162). (e) Immunostaining of 0.5% formaldehyde-treated freshly isolated lung endothelial cells. Phase: 
images with transmitted light, Nucleolus: staining with Hoechst, CD162: staining with isotype control (upper) 
or anti-CD162 antibody (lower), Merge: the combined image. Arrowhead shows CD162 and the scale bar 
indicates 50 µm. (f and g) The effect of blocking CD162 on lung endothelial cells. Lung endothelial cells were 
pre-treated with anti-CD162 antibody (orange), isotype control antibody (green) or PBS (white). Grey bars 
indicate the supernatant control. Results are presented as the mean ± S.E. Data were from three independent 
experiments. Statistical analysis was carried out using the Student’s t-test adjusted with the Holm method 
(*p < 0.05, **p < 0.01). (f) Frequency of tachyzoite-infected leukocytes at 0.5 h of co-culturing. (g) The number 
of extraleukocytic tachyzoites that appeared after co-culturing.
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by western blotting analysis and flow cytometry (Supplementary Fig. 3). To examine whether CD162 molecules on 
the surface of endothelial cells induce tachyzoite egression from leukocytes, the freshly isolated lung endothelial 
cells were treated with anti-CD162 antibody and excess antibody was removed by washing before co-incubation 
with tachyzoite-infected leukocytes. Antibody treatment of endothelial cells did not affect the total number of 
attached leukocytes (Supplementary Fig. 3). When we focused on tachyzoite-infected leukocytes only, it was found 
that the number of attached tachyzoites-infected cells was statistically slightly decreased by antibody treatment 
(Fig. 4f). The anti-CD162 antibody had little or no effect on leukocyte adhesion. By contrast, anti-CD162 anti-
body treatment of the freshly isolated endothelial cells drastically decreased the number of egressed tachyzoites 
(Fig. 4g). This indicated that CD162 molecules on the surface of the lung endothelial cells contribute to tachyzoite 
egress from the attaching leukocytes. Consistent with this, treatment with anti-CD162 antibody abolished the 
time-dependent decrease in the number of tachyzoite-infected leukocytes (Supplementary Fig. 3).

Discussion
In this study, we demonstrated that tachyzoite-infected leukocytes in the general circulation remain in the lung 
by effective adhesion to lung endothelial cells and that this adhesion triggers tachyzoite egression from the vehicle 
leukocyte. Secreted soluble signals from lung endothelial cells did not contribute to parasite egression. However, 
CD162 molecules expressed on the endothelial cells were found to contribute to egression.

A variety of intracellular pathogenic microorganisms are delivered by infected leukocytes to peripheral 
organs20–22. It had been thought that extravasation of these infected leukocytes transfers the microorganisms from 
the blood to solid organs beyond the blood vessel wall, in a “Trojan horse”-like manner23–25. However, several 
intracellular microorganisms are reported to invade the brain and placenta24, 26–28, where migration of leukocytes 
out of the blood vessels is barely detectable29, 30. Furthermore, it was recently reported that T. gondii tachyzoites 
infect endothelial cells of the vasculature and then proliferate before invading solid organs9. These results sug-
gested an alternative method by which intracellular microorganisms may pass through the blood vessel wall. Our 
study revealed insight into how the intracellular microorganism T. gondii traverses the blood vessel wall. T. gondii 
tachyzoites sense the arrival of its hijacked leukocyte vehicle to a target solid organ and time egression accord-
ingly. This strategy effectively minimizes the time lag between egression from vehicle leukocytes and invasion into 
solid organ target cells, thereby reducing the exposure time to complement and antibodies in the serum.

Increasing of calcium concentration in the parasite cytosol has been recognized as a trigger for T. gondii 
tachyzoite egression31. This calcium influx into the tachyzoite cytosol originates, at least partially, from the host 
cell cytosol32. It has been reported that the calcium concentration in the leukocyte cytosol increases immediately 
after leukocytes adhere to endothelial cells33, 34. Calcium ions might be transferred from the cytoplasm of the vehi-
cle leukocytes to the cytoplasm of tachyzoites. When leukocytes adhere to endothelial cells, L-selectin, lympho-
cyte function-associated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1) on the surface of the leukocytes 
bind to ligand molecules on endothelial cells, inducing a calcium influx into the leukocyte cytosol35, 36. CD162 is 
a known ligand of L-selectin. In this study, we revealed that CD162, expressed on the surface of endothelial cells, 
contributes to tachyzoite egression. Binding of CD162 on endothelial cells to L-selectin on infected leukocytes 
might trigger calcium transfer between the vehicle leukocyte and the tachyzoite. Although CD162 molecules are 
mainly expressed on the surface of leukocytes37, a subpopulation of mature endothelial cells also express CD16218, 

19. We also confirmed that a subpopulation of freshly isolated mouse lung endothelial cells express CD162 and 
that CD162 contributes to tachyzoite egress. However, anti-CD162 antibody treatment of endothelial cells only 
partially inhibited parasite egress from attached leukocytes. This suggested that CD162 is not the only trigger of 
egress but that other molecule(s) also contribute to this phenomenon. Although T. gondii can infect almost all 
organs, this parasite more frequently infects particular organs in vivo, such as the lung, brain and eyes21, 38, 39. We 
also found in this study that tachyzoite-infected vehicle leukocytes adhered to solid liver tissue more effectively 
than non-infected leukocytes, but in contrast to the lung, rapid tachyzoite egression from the vehicle leukocytes 
rarely occurred. The heterogeneous distribution of CD162 and/or other trigger(s) on the surface of the capillary 
wall in each organ might cause preferential infection of particular organs and different egression patterns. To 
reveal the in vivo contribution of such trigger molecules on T. gondii distribution in the host body, further studies 
using endothelial cell-specific conditional CD162 knockout mice or other trigger molecule knockout mice are 
necessary. Although the invasion step has been well studied in many intracellular pathogens, the mechanism of 
egression is poorly understood. Timely egression from vehicle cells and timely transit to subsequent target cells 
are vital for effective dissemination of intracellular pathogens in the host. Our findings therefore enhance our 
understanding of this process and provide valuable insight into pathogen dissemination within the host organism.

Methods
Animals, parasites and cells. Green fluorescent protein transgenic mice, C57BL/6-Tg(CAG-EGFP) C14-
Y01-FM131 Osb (GFP mouse)40, 41, and C57BL/6 mice (Charles River Laboratories Japan Inc., Yokohama, Japan) 
were used. Experiments were performed in accordance with the Gifu University Animal Care and Use Committee 
guidelines. The experimental protocols using animals were reviewed and approved by the local ethics committee 
of Gifu University. Red fluorescent protein (DsRed)-expressing transgenic T. gondii, PLK/RED, were used in this 
study42. Purified tachyzoites21 and mouse leukocytes43 were prepared as described previously. Briefly, leukocytes 
were prepared from the whole spleen following cervical dislocation in mice. Spleens were minced and pressed 
through a nylon mesh with a pore size of 77 μm. The filtrated cells were suspended in 4.5 ml of hemolytic buffer 
(0.155 M NH4Cl in dH2O and 0.5 ml Tris–HCl pH 7.65), incubated for 10 min at room temperature, then washed 
with PBS to remove erythrocytes. The leukocytes were cultured in RPMI 1640 medium supplemented with 7.5% 
foetal calf serum plus 20 µg/ml of gentamicin. Monocytes were isolated as previously described44 with one modifi-
cation being the use of Dynabeads® Protein G (Thermo Fisher Scientific, Kanagawa, Japan). After the purification 
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procedure, >98% of the cells were CD11b positive. Mouse lung endothelial cells were isolated from 5–8-day-old 
C57BL/6 mice as previously described45.

Leukocytes from GFP mice were mixed with a PLK/RED tachyzoite suspension at a multiplicity of infection 
of 1–3 in 1 ml of RPMI 1640 medium supplemented with 7.5% foetal calf serum plus 20 µg/ml of gentamicin and 
then incubated for 24 h at 37 °C in a 5% CO2 incubator. Monocytes from GFP mice or C57BL/6 mice were stained 
with CellTracker™ Green CMFDA (Thermo Fisher Scientific), then mixed with a tachyzoite suspension at a 
multiplicity of infection of 1, under the same conditions used for the leukocytes. After incubation, the remaining 
extracellular tachyzoites were removed as described previously46.

Immunostaining. Mouse lung endothelial cells were fixed with 0.5% formaldehyde for 30 min at room 
temperature and were then washed three times in PBS. The fixed cells were incubated at 37 °C with a poly-
clonal antibody to P-selectin glycoprotein ligand (CD162) (Cloud-Clone Corp., Wuhan, China) or a rabbit IgG, 
polyclonal-isotype control (Abcam Corp., Tokyo, Japan) at a concentration of 10 µg/ml. To specifically stain the 
cell surface and to avoid unexpected permeabilization by formaldehyde, non-fixed cells were also stained in the 
same manner. Antibody-bound cells were detected using a 1:50 dilution of goat anti-rabbit IgG H&L (FITC) 
antibody (Abcam Corp.). The stained cells were incubated for 15 min at room temperature with Hoechst 33342 
(DOJINDO LABORATORIES, Kumamoto, Japan) at a concentration of 10 µg/ml. The stained samples were 
observed using a Biozero fluorescence microscope (BZ-8000; Keyence, Osaka, Japan).

Observation of tachyzoite-infected leukocytes in the tissue. The tachyzoite-infected leukocytes 
from the GFP mouse were injected into C57BL/6 mice via the tail vein (5 × 107 infected leukocytes/mouse). 
Then 0.5, 2 and 4 hours after injection, the mice were euthanized by cervical dislocation and the liver and lung 
were collected. The collected organs were immediately fixed in 4% paraformaldehyde overnight at 4 °C. The fixed 
organ samples were made transparent as previously described47. Briefly, fixed samples were sliced and soaked in 
α-thioglycerol added to increasing concentrations (from 20–100%) of fructose solution. After treatment with 
100% fructose solution, the samples were soaked in the morphology-preserving agent, SeeDB47 solution. The 
transparent samples were observed and leukocytes and tachyzoites in all fields of vision to a 200-µm depth were 
counted using confocal laser scanning microscopy (LSM700, Carl Zeiss Japan, Tokyo, Japan). During the obser-
vation, leukocytes were measured at their major and minor axes, and if the major axis was more than double the 
minor axis the cell was considered to be elongated in shape.

Co-culture of tachyzoite-infected leukocytes/monocytes and lung endothelial cells. 1 × 106 
tachyzoite-infected leukocytes from the GFP mouse were added to a monolayer of lung endothelial cells 
and incubated for 30 min at 37 °C in a 5% CO2 incubator. After incubation, non-attaching leukocytes were 
removed by washing and leukocytes attached to the endothelial cells were further cultured. As controls, 1 × 106 
tachyzoite-infected leukocytes from the GFP mouse were cultured alone or with an endothelial cell monolayer 
separated by 0.4-µm mesh.

In addition, 1 × 105 tachyzoite-infected monocytes from GFP mice or C57BL/6 mice, stained with 
CellTracker™ Green CMFDA, were also cultured as described above with minor modifications. In some cases, 
non-attached monocytes were removed by washing after 10 or 30 min incubation with the endothelial monolayer.

Primer array analysis. Total RNA was extracted from the freshly isolated or three times passaged mouse 
lung endothelial cells using an RNA isolation kit “NucleoSpin RNA” (Macherey-Nagel, Duren, Germany) and 
was then converted to cDNA according to the manufacturer’s instructions. The relative quantities of cDNA of the 
genes encoding 88 adhesion molecules and eight housekeeping genes from the freshly isolated and three-times 
passaged mouse lung endothelial cells were examined in real time using a PrimerArray® of mouse cell adhe-
sion molecules (Takara, Kyoto, Japan). The results were analysed using the Primer Array Analysis Tool Ver. 2.1 
(Takara).

Western blotting. Lung endothelial cells and leukocyte lysates were prepared in 2X SDS sample buffer. The 
cell lysates were loaded onto 5–20% SDS-PAGE gels and western blotting was conducted using a primary anti-
body against the P-selectin glycoprotein ligand (CD162) (Cloud-Clone Corp.) at 0.5 µg/ml. As a loading control, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Cloud-Clone Corp.) was included at a concentration of 
0.5 µg/ml. The secondary antibodies used were horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
antibody (dilution 1:3000, Abcam Corp.) and HRP-conjugated rabbit anti-mouse IgG (dilution 1:3000, Thermo 
Fisher Scientific), respectively.

Flow cytometry analysis. Mouse lung endothelial cells were fixed with 0.5% formaldehyde for 30 min at 
room temperature and were then washed three times in PBS. Permeabilized cells were incubated at room tem-
perature with a polyclonal antibody against the P-selectin glycoprotein ligand (CD162) (Cloud-Clone Corp.) or a 
rabbit IgG polyclonal-isotype control (Abcam Corp.) at a concentration of 50 µg/ml. Antibody-bound cells were 
detected using a 1:500 dilution of goat anti-rabbit IgG H&L (FITC) antibody (Abcam Corp.).

Antibody treatment. Lung endothelial cells were incubated with 10 µg/ml of anti-mouse CD162 rat anti-
body (BD Biosciences), rat IgG1 isotype control antibody (BD Biosciences) or PBS for 30 min at 37 °C in a 5% 
CO2 incubator. After incubation, the lung endothelial cells were washed with PBS three times and used for fur-
ther experiments.
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Statistical analysis. Student’s t-test was used for comparisons between two groups or several pairs of groups 
and the Holm method was used to adjust the P value when plural pairs were compared. Analysis of variance 
(ANOVA) was used to compare groups when there were more than two groups. If the results of ANOVA were 
significant, a post hoc Scheffe F-test was performed. Statistical significance was set at p < 0.05.

References
 1. Robert-Gangneux, F. & Darde, M. L. Epidemiology of and diagnostic strategies for toxoplasmosis. Clin Microbiol Rev 25, 264–296, 

doi:10.1128/cmr.05013-11 (2012).
 2. Dubey, J. P. Bradyzoite-induced murine toxoplasmosis: stage conversion, pathogenesis, and tissue cyst formation in mice fed 

bradyzoites of different strains of Toxoplasma gondii. J Eukaryot Microbiol 44, 592–602 (1997).
 3. Dubey, J. P., Speer, C. A., Shen, S. K., Kwok, O. C. & Blixt, J. A. Oocyst-induced murine toxoplasmosis: life cycle, pathogenicity, and 

stage conversion in mice fed Toxoplasma gondii oocysts. J Parasitol 83, 870–882 (1997).
 4. Buzoni-Gatel, D. et al. Murine ileitis after intracellular parasite infection is controlled by TGF-beta-producing intraepithelial 

lymphocytes. Gastroenterology 120, 914–924 (2001).
 5. Luangsay, S. et al. CCR5 mediates specific migration of Toxoplasma gondii-primed CD8 lymphocytes to inflammatory intestinal 

epithelial cells. Gastroenterology 125, 491–500 (2003).
 6. Courret, N. et al. CD11c- and CD11b-expressing mouse leukocytes transport single Toxoplasma gondii. Blood 107, 309–316, 

doi:10.1182/blood-2005-02-0666 (2006).
 7. Unno, A. et al. Dissemination of extracellular and intracellular Toxoplasma gondii tachyzoites in the blood flow. Parasitol Int 57, 

515–518, doi:10.1016/j.parint.2008.06.004 (2008).
 8. Norose, K., Naoi, K., Fang, H. & Yano, A. In vivo study of toxoplasmic parasitemia using interferon-gamma-deficient mice: absolute 

cell number of leukocytes, parasite load and cell susceptibility. Parasitol Int 57, 447–453, doi:10.1016/j.parint.2008.05.007 (2008).
 9. Konradt, C. et al. Endothelial cells are a replicative niche for entry of Toxoplasma gondii to the central nervous system. nature 

microbiology (2016).
 10. Fuhrman, S. A. & Joiner, K. A. Toxoplasma gondii: mechanism of resistance to complement-mediated killing. J Immunol 142, 

940–947 (1989).
 11. Black, M. W. & Boothroyd, J. C. Lytic cycle of Toxoplasma gondii. Microbiol Mol Biol Rev 64, 607–623 (2000).
 12. Murray, H. W., Rubin, B. Y., Carriero, S. M., Harris, A. M. & Jaffee, E. A. Human mononuclear phagocyte antiprotozoal mechanisms: 

oxygen-dependent vs oxygen-independent activity against intracellular Toxoplasma gondii. J Immunol 134, 1982–1988 (1985).
 13. Channon, J. Y., Seguin, R. M. & Kasper, L. H. Differential infectivity and division of Toxoplasma gondii in human peripheral. Infect 

Immun 68, 4822–4826 (2000).
 14. Sun, B. et al. Role of CO-releasing molecules liberated CO in attenuating leukocytes sequestration and inflammatory responses in 

the lung of thermally injured mice. J Surg Res 139, 128–135, doi:10.1016/j.jss.2006.08.032 (2007).
 15. Yamaguchi, T. et al. Development of a new method for isolation and long-term culture of organ-specific blood vascular and 

lymphatic endothelial cells of the mouse. Febs j 275, 1988–1998, doi:10.1111/j.1742-4658.2008.06353.x (2008).
 16. Harker, K. S. et al. Toxoplasma gondii modulates the dynamics of human monocyte adhesion to vascular endothelium under fluidic 

shear stress. J Leukoc Biol 93, 789–800, doi:10.1189/jlb.1012517 (2013).
 17. Moore, K. L. Structure and function of P-selectin glycoprotein ligand-1. Leuk Lymphoma 29, 1–15, doi:10.3109/10428199809058377 

(1998).
 18. Rivera-Nieves, J. et al. Critical role of endothelial P-selectin glycoprotein ligand 1 in chronic murine ileitis. J Exp Med 203, 907–917, 

doi:10.1084/jem.20052530 (2006).
 19. da Costa Martins, P. et al. P-selectin glycoprotein ligand-1 is expressed on endothelial cells and mediates monocyte adhesion to 

activated endothelium. Arterioscler Thromb Vasc Biol 27, 1023–1029, doi:10.1161/atvbaha.107.140442 (2007).
 20. Thwaites, G. E. & Gant, V. Are bloodstream leukocytes Trojan Horses for the metastasis of Staphylococcus aureus? Nat Rev Microbiol 

9, 215–222, doi:10.1038/nrmicro2508 (2011).
 21. Unno, A. et al. Toxoplasma gondii tachyzoite-infected peripheral blood mononuclear cells are enriched in mouse lungs and liver. Exp 

Parasitol 134, 160–164, doi:10.1016/j.exppara.2013.03.006 (2013).
 22. Laval, K., Favoreel, H. W. & Nauwynck, H. J. Equine herpesvirus type 1 replication is delayed in CD172a+ monocytic cells and 

controlled by histone deacetylases. J Gen Virol 96, 118–130, doi:10.1099/vir.0.067363-0 (2015).
 23. Persidsky, Y. et al. Microglial and astrocyte chemokines regulate monocyte migration through the blood-brain barrier in human 

immunodeficiency virus-1 encephalitis. Am J Pathol 155, 1599–1611, doi:10.1016/s0002-9440(10)65476-4 (1999).
 24. Roe, K., Orillo, B. & Verma, S. West Nile virus-induced cell adhesion molecules on human brain microvascular endothelial cells 

regulate leukocyte adhesion and modulate permeability of the in vitro blood-brain barrier model. PLoS One 9, e102598, doi:10.1371/
journal.pone.0102598 (2014).

 25. Mahmoud, M. E., Ui, F., Salman, D., Nishimura, M. & Nishikawa, Y. Mechanisms of interferon-beta-induced inhibition of 
Toxoplasma gondii growth in murine macrophages and embryonic fibroblasts: role of immunity-related GTPase M1. Cell Microbiol 
17, 1069–1083, doi:10.1111/cmi.12423 (2015).

 26. Drevets, D. A., Schawang, J. E., Mandava, V. K., Dillon, M. J. & Leenen, P. J. Severe Listeria monocytogenes infection induces 
development of monocytes with distinct phenotypic and functional features. J Immunol 185, 2432–2441, doi:10.4049/
jimmunol.1000486 (2010).

 27. Lachenmaier, S. M., Deli, M. A., Meissner, M. & Liesenfeld, O. Intracellular transport of Toxoplasma gondii through the blood-brain 
barrier. J Neuroimmunol 232, 119–130, doi:10.1016/j.jneuroim.2010.10.029 (2011).

 28. Robbins, J. R., Zeldovich, V. B., Poukchanski, A., Boothroyd, J. C. & Bakardjiev, A. I. Tissue barriers of the human placenta to 
infection with Toxoplasma gondii. Infect Immun 80, 418–428, doi:10.1128/iai.05899-11 (2012).

 29. Burton, G. J. & Watson, A. L. The Structure of the Human Placenta: Implications for Initiating and Defending Against Virus 
Infections. Rev Med Virol 7, 219–228 (1997).

 30. Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R. & Begley, D. J. Structure and function of the blood-brain barrier. 
Neurobiol Dis 37, 13–25, doi:10.1016/j.nbd.2009.07.030 (2010).

 31. Arrizabalaga, G. & Boothroyd, J. C. Role of calcium during Toxoplasma gondii invasion and egress. Int J Parasitol 34, 361–368, 
doi:10.1016/j.ijpara.2003.11.017 (2004).

 32. Borges-Pereira, L. et al. Calcium Signaling throughout the Toxoplasma gondii Lytic Cycle: A study using genetically encoded calcium 
indicators. J Biol Chem 290, 26914–26926, doi:10.1074/jbc.M115.652511 (2015).

 33. Jaconi, M. E. et al. Multiple elevations of cytosolic-free Ca2+ in human neutrophils: initiation by adherence receptors of the integrin 
family. J Cell Biol 112, 1249–1257 (1991).

 34. Pettit, E. J. & Hallett, M. B. Pulsatile Ca2+ influx in human neutrophils undergoing CD11b/CD18 integrin engagement. Biochem 
Biophys Res Commun 230, 258–261, doi:10.1006/bbrc.1996.5931 (1997).

 35. Kao, T. J. & Millette, C. F. L-type voltage-operated Ca(+2) channels modulate transient Ca(+2) influx triggered by activation of 
Sertoli cell surface L-selectin. J Cell Biochem 101, 1023–1037, doi:10.1002/jcb.21135 (2007).

 36. Dixit, N. & Simon, S. I. Chemokines, selectins and intracellular calcium flux: temporal and spatial cues for leukocyte arrest. Front 
Immunol 3, 188, doi:10.3389/fimmu.2012.00188 (2012).

http://dx.doi.org/10.1128/cmr.05013-11
http://dx.doi.org/10.1182/blood-2005-02-0666
http://dx.doi.org/10.1016/j.parint.2008.06.004
http://dx.doi.org/10.1016/j.parint.2008.05.007
http://dx.doi.org/10.1016/j.jss.2006.08.032
http://dx.doi.org/10.1111/j.1742-4658.2008.06353.x
http://dx.doi.org/10.1189/jlb.1012517
http://dx.doi.org/10.3109/10428199809058377
http://dx.doi.org/10.1084/jem.20052530
http://dx.doi.org/10.1161/atvbaha.107.140442
http://dx.doi.org/10.1038/nrmicro2508
http://dx.doi.org/10.1016/j.exppara.2013.03.006
http://dx.doi.org/10.1099/vir.0.067363-0
http://dx.doi.org/10.1016/s0002-9440(10)65476-4
http://dx.doi.org/10.1371/journal.pone.0102598
http://dx.doi.org/10.1371/journal.pone.0102598
http://dx.doi.org/10.1111/cmi.12423
http://dx.doi.org/10.4049/jimmunol.1000486
http://dx.doi.org/10.4049/jimmunol.1000486
http://dx.doi.org/10.1016/j.jneuroim.2010.10.029
http://dx.doi.org/10.1128/iai.05899-11
http://dx.doi.org/10.1016/j.nbd.2009.07.030
http://dx.doi.org/10.1016/j.ijpara.2003.11.017
http://dx.doi.org/10.1074/jbc.M115.652511
http://dx.doi.org/10.1006/bbrc.1996.5931
http://dx.doi.org/10.1002/jcb.21135
http://dx.doi.org/10.3389/fimmu.2012.00188


www.nature.com/scientificreports/

9Scientific RepoRts | 7: 5675  | DOI:10.1038/s41598-017-05956-z

 37. Cummings, R. D. Structure and function of the selectin ligand PSGL-1. Braz J Med Biol Res 32, 519–528 (1999).
 38. Dubey, J. P. Tissue cyst tropism in Toxoplasma gondii: a comparison of tissue cyst formation in organs of cats, and rodents fed 

oocysts. Parasitology 115(Pt 1), 15–20 (1997).
 39. Dubey, J. P. et al. Experimental Toxoplasmosis in Rats Induced Orally with Eleven Strains of Toxoplasma gondii of Seven Genotypes: 

Tissue Tropism, Tissue Cyst Size, Neural Lesions, Tissue Cyst Rupture without Reactivation, and Ocular Lesions. PLoS One 11, 
e0156255, doi:10.1371/journal.pone.0156255 (2016).

 40. Ikawa, M. et al. A rapid and non-invasive selection of transgenic embryos before implantation using green fluorescent protein 
(GFP). FEBS Lett 375, 125–128 (1995).

 41. Okabe, M., Ikawa, M., Kominami, K., Nakanishi, T. & Nishimune, Y. ‘Green mice’ as a source of ubiquitous green cells. FEBS Lett 
407, 313–319 (1997).

 42. Takashima, Y. et al. Detection of the initial site of Toxoplasma gondii reactivation in brain tissue. Int J Parasitol 38, 601–607, 
doi:10.1016/j.ijpara.2007.09.017 (2008).

 43. Hayashi, T. et al. CD44 mediated hyaluronan adhesion of Toxoplasma gondii-infected leukocytes. Parasitol Int 63, 479–484, 
doi:10.1016/j.parint.2013.10.008 (2014).

 44. Houthuys, E., Movahedi, K., De Baetselier, P., Van Ginderachter, J. A. & Brouckaert, P. A method for the isolation and purification 
of mouse peripheral blood monocytes. J Immunol Methods 359, 1–10, doi:10.1016/j.jim.2010.04.004 (2010).

 45. Gill, J. R. et al. Pulmonary Pathologic Findings of Fatal 2009 Pandemic Influenza A/H1N1 Viral Infections. Archives of Pathology & 
Laboratory Medicine 134, 235–243 (2010).

 46. Baba, M., Kitoh, K. & Takashima, Y. Removal of extracellular Toxoplasma gondii tachyzoites from suspended cell culture. Parasitol 
Int, doi:10.1016/j.parint.2016.01.012 (2016).

 47. Ke, M. T., Fujimoto, S. & Imai, T. SeeDB: a simple and morphology-preserving optical clearing agent for neuronal circuit 
reconstruction. Nat Neurosci 16, 1154–1161, doi:10.1038/nn.3447 (2013).

Acknowledgements
This work was supported by grants from JSPS KAKENHI, including a Grant-in-Aid for Scientific Research (B), 
15H04592.

Author Contributions
M.B. performed the majority of the experiments. T.B. performed and analysed the real time PCR experiments. 
M.B. and T.B. equally contributed to this study. K.K. helped with the maintenance of transgenic mice and 
parasites. Y.T. was involved in the study design. M.B. and T.B. wrote the paper. All authors discussed the results 
and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05956-z
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1371/journal.pone.0156255
http://dx.doi.org/10.1016/j.ijpara.2007.09.017
http://dx.doi.org/10.1016/j.parint.2013.10.008
http://dx.doi.org/10.1016/j.jim.2010.04.004
http://dx.doi.org/10.1016/j.parint.2016.01.012
http://dx.doi.org/10.1038/nn.3447
http://dx.doi.org/10.1038/s41598-017-05956-z
http://creativecommons.org/licenses/by/4.0/

	Adhesion of Toxoplasma gondii tachyzoite-infected vehicle leukocytes to capillary endothelial cells triggers timely parasit ...
	Results
	Tachyzoite-infected leukocytes remain in the lungs. 
	Egression of T. gondii tachyzoites from leukocytes. 
	Rapid egression of tachyzoites from monocytes. 
	Contribution of CD162, expressed by endothelial cells, to tachyzoite egression. 

	Discussion
	Methods
	Animals, parasites and cells. 
	Immunostaining. 
	Observation of tachyzoite-infected leukocytes in the tissue. 
	Co-culture of tachyzoite-infected leukocytes/monocytes and lung endothelial cells. 
	Primer array analysis. 
	Western blotting. 
	Flow cytometry analysis. 
	Antibody treatment. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Preferential attachment of infected leukocytes in the lung.
	Figure 2 Adhesion to endothelial cells triggers tachyzoite egress from infected leukocytes.
	Figure 3 Rapid egress of tachyzoites from monocytes.
	Figure 4 Role of CD162 in tachyzoite egression.




