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INTRODUCTION

Toxoplasma gondii is a ubiquitous obligate intracellular para-
site, which infects warm-blooded animals, including humans. 
It is a zoonotic pathogen widespread in nature [1,2]. Approxi-
mately one-third of humans worldwide are chronically infect-
ed with T. gondii [2,3]. Toxoplasmic retinochoroiditis is the 
most common cause (30-50%) of infective posterior uveitis, 
and one of the major causes of visual impairment in high T. 

gondii endemic regions of American and European countries 
[4]. 

Most uveitis specialists agree that antibiotic treatment of 
toxoplasmic retinochoroiditis is reasonable because antibiotics 
can reduce the number of recurrences and facilitate the resolu-
tion of inflammation; however, a consensus on the utility of 
antibiotics has not been reached [5,6]. The most frequent drug 

regimen for ocular toxoplasmosis consists of pyrimethamine 
and sulfadiazine in addition to corticosteroids [7]. However, 
this classic treatment may have severe risks that depend on the 
patient’s susceptibility to drug toxicity or allergic reactions such 
as Stevens-Johnson syndrome [8,9]. 

T. gondii rapidly invades the host cells less than 10 seconds, 
wherein the parasite forcibly indents and modifies the host 
cell’s plasma membrane, thereby creating the parasitophorous 
vacuole (PV) in which it develops [10]. In this process, rhoptry 
proteins (ROPs) have a very important role in creating the par-
asitophorous vacuole membrane (PVM) within the host cells. 
Among the ROPs (ROP1-ROP21), ROP2, 4, 5, 7, 8, 11, 16, 17, 
and 18 have kinase domains in their C-terminal halves [11]. 
Therefore, these proteins may function in signal transduction 
across the PVM to maintain the host cell-parasite relationship 
and are a candidate target for a novel drug. The spontaneous 
signal transducer and activator of transcription (STAT) 6 phos-
phorylation and subsequent specific gene expression of host 
cells are the major strategies for the survival of intracellular T. 

gondii against parasiticidal events which occur through STAT1 
phosphorylation induced by the provoked IFN-γ in an infec-
tion [12,13].
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Abstract: Specific gene expressions of host cells by spontaneous STAT6 phosphorylation are major strategy for the sur-
vival of intracellular Toxoplasma gondii against parasiticidal events through STAT1 phosphorylation by infection provoked 
IFN-γ. We determined the effects of small molecules of tyrosine kinase inhibitors (TKIs) on the growth of T. gondii and on 
the relationship with STAT1 and STAT6 phosphorylation in ARPE-19 cells. We counted the number of T. gondii RH 
tachyzoites per parasitophorous vacuolar membrane (PVM) after treatment with TKIs at 12-hr intervals for 72 hr. The change 
of STAT6 phosphorylation was assessed via western blot and immunofluorescence assay. Among the tested TKIs, Afa-
tinib (pan ErbB/EGFR inhibitor, 5 µM) inhibited 98.0% of the growth of T. gondii, which was comparable to pyrimethamine 
(5 µM) at 96.9% and followed by Erlotinib (ErbB1/EGFR inhibitor, 20 µM) at 33.8% and Sunitinib (PDGFR or c-Kit inhibitor, 
10 µM) at 21.3%. In the early stage of the infection (2, 4, and 8 hr after T. gondii challenge), Afatinib inhibited the phosphor-
ylation of STAT6 in western blot and immunofluorescence assay. Both JAK1 and JAK3, the upper hierarchical kinases of 
cytokine signaling, were strongly phosphorylated at 2 hr and then disappeared entirely after 4 hr. Some TKIs, especially 
the EGFR inhibitors, might play an important role in the inhibition of intracellular replication of T. gondii through the inhibi-
tion of the direct phosphorylation of STAT6 by T. gondii.
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Tyrosine kinases (TK) are enzymes responsible for the acti-
vation of many proteins across the signal transduction cascades. 
The proteins are activated by the addition of a phosphate group 
to the protein. A tyrosine kinase inhibitor (TKI) is a pharma-
ceutical drug that inhibits those TK. Recently, large numbers of 
small molecules of TKI have been developed for chemothera-
py of cancers [14,15] and expanded their efficacy for treatment 
of infectious diseases [16,17]. After a preliminary screening 
study, we choose 3 target TKI drugs, including Erlotinib hydro-
chloride, Afatinib, and Sunitinib. In brief, Erlotinib is a drug 
used to treat non-small cell lung cancer and pancreatic cancer 
and is a reversible TKI, which acts on the epidermal growth 
factor receptor (EGFR) [18]. Afatinib is a drug approved for 
treatment of EGFR-mutated non-small cell lung cancer and is 
a small molecule kinase inhibitor that causes irreversible inhi-
bition of EGFR and human epidermal growth factor receptor 
2 (HER2) [19]. Sunitinib is an oral, small-molecule, multi-tar-
geted receptor tyrosine kinase (RTK) inhibitor that was approv
ed to treat renal cell carcinoma and imatinib-resistant gastro-
intestinal stromal tumors [20].

The aim of the present study was to evaluate the effects of 
several TKIs on the growth inhibition of intracellular T. gondii 
and the relationship with STAT1 and STAT6 phosphorylation 
in the RPE cell line ARPE-19.

MATERIALS AND METHODS

Cell line and parasite
ARPE-19 cells (ATCC® CRL-2302TM, Manassas, Virginia, USA) 

were maintained in Dulbecco’s Modified Eagle Medium Nutri-
ent Mixture F-12 (DMEM/F12, Invitrogen, Carlsbad, Califor-
nia, USA) containing 2 µM L-glutamine, 100 U/ml penicillin, 
100 µg/ml streptomycin, 0.25 µg/ml fungizone and 10% fetal 
bovine serum (FBS, Gibco Life Technologies, Grand Island, New 
York, USA). Tachyzoites of the RH strain of T. gondii were intra-
peritoneally injected into BALB/c mice, and peritoneal exudates 
were collected immediately after the death of the mice at the 
4th day with Dulbecco’s PBS (DPBS) (Invitrogen). 

Drugs and antibodies
Afatinib (BIBW2992) and Erlotinib (OSI-420) were purchas

ed from Selleck Chemicals (Houston, Texas, USA). Dimethyl 
sulfoxide (DMSO), pyrimethamine, and Sunitinib malate (SU 
11248) were purchased from Sigma Aldrich (St. Louis, Missouri, 
USA). Bovine serum albumin was purchased from Bovogen 

Biologicals (Melbourne, Australia).
Antibodies against Phospho-STAT1 (Tyr701) (58D6), Phos-

pho-STAT2 (Tyr690), Phospho-STAT3 (Ser727), Phospho-STAT5 
(Tyr694) (C11C5), Phospho-STAT6 (Tyr641), and β-actin were 
purchased from Cell Signaling Technology (Beverly, Massachu-
setts, USA). Antibodies against STAT1 p91(c-111), STAT6 (M-
20), Phospho-JAK1 (Tyr1022/Tyr1023), and Phospho-JAK3 
(Tyr980) were purchased from Santa Cruz Biotechnology (San-
ta Cruz, California, USA). FITC-conjugated anti-mouse IgG an-
tibody, TRTIC-conjugated anti-rabbit IgG antibody, and horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse anti-
bodies were purchased from Sigma Aldrich. Mouse Tg563 mo
noclonal antibody was cloned in our laboratory. 

Assay of drugs on intracellular multiplication of T. gondii
ARPE-19 cells were plated on 12 mm cover glasses in 24-

well plates (Costar, New York, USA) at 0.5×105 cells/0.5 ml/
well. After 24 hr of plating, the plate was washed once with 
pre-warmed DPBS and replaced with fresh medium contain-
ing 10% FBS. Fresh tachyzoites of the RH strain of T. gondii 
were added to the plates at 5.0×105 T. gondii/0.5 ml/well. After 
1 hr of infection, uninvaded parasites were washed with pre-
warmed DPBS and refilled with fresh pre-warmed medium 
containing 10% FBS. The drugs were added at 1 hr post infec-
tion and at 12-hr intervals post infection until 72 hr. At the in-
dicated time point of post infection, the cells in different wells 
were fixed with ice-cold methanol (Merck, Darmstadt, Germa-
ny) for 5 min and stained with Giemsa solution (Sigma Al-
drich). Cells on cover glasses can be rewetted and observed 
under 400×objective fields. The number of parasites per PV 
was counted in each stained well with 5 random high-power 
fields (×400).

Effects of drugs on signaling pathways of host cells 
invaded by parasites

ARPE-19 cells were plated in 6-well plates (Costar) at 2.0×  
105 cells/3.0 ml/well. After 24 hr of plating, the plate was washed 
once with pre-warmed DPBS and replaced with fresh medium 
containing 10% FBS, and the drugs were added to the indicat-
ed wells. At 1 hr later, the indicated wells were respectively add-
ed with drugs or challenged with fresh tachyzoites at 2.0×106 
T. gondii/2.0 ml/well. After 1 hr of infection, drugs were added 
to the indicated wells. Briefly, 5 groups were tested in this as-
say. The 1st group was as control, in which there were no para-
site infections and no drug treatment. In the 2nd group, cells 
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were only treated with drug. In the 3rd group, cells were treat-
ed with drug and 1 hr later challenged with fresh tachyzoites. 
In the 4th group, cells were only challenged with tachyzoites. 
In the 5th group, cells were challenged with tachyzoites and 1 
hr later treated with drug.

At 2, 4, and 8 hr of post-infection, the cells were lysed with 
200 µl/well of lysis buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 
1% β-mercaptoethanol (Sigma Aldrich), 10% glycerol (Junsei, 
Tokyo, Japan), and 1% bromophenol blue. The total cell lysate 
was analyzed by western blot. The total cell lysate was dissolved 
using 10% SDS-PAGE and transferred to nitrocellulose mem-
branes (Whatman GmbH, Dassel, Germany) by a mini-prote-
an Tetra system (Bio-Rad, Hercules, California, USA). The mem-
brane was incubated with 5% skim milk (Difco Laboratories, 
Detroit, Missouri, USA) in PBS with 0.5% Tween 20 (PBST) 
for 1 hr. Following a PBST wash, the membranes were incu-
bated with primary antibodies in PBST with 5% skim milk at 
room temperature for 2 hr. The membranes were then incu-
bated with secondary antibodies (anti-rabbit or anti-mouse 
IgG-horseradish peroxidase in PBST with 5% skim milk for 2 
hr). The signals were detected with an ECL Western blot kit 
(Millipore Corporation, Billerica, Massachusetts, USA).

Immunofluorescence assay 
Host cells on 12 mm cover glasses were fixed with 3% para-

formaldehyde (Sigma Aldrich) in DPBS for 5 min and then 
permeabilized by 0.05% Triton X-100 for 5 min. The cells were 
incubated with mouse Tg563 and rabbit anti-phospho-STAT6 
(Tyr641) antibodies diluted in 1:200 of 3% BSA/DPBS for 1 
hr, which was followed by FITC-conjugated anti-mouse IgG 
antibody and TRTIC-conjugated anti-rabbit IgG antibody di-
luted in 1: 500.

RESULTS

Inhibition of intracellular multiplication of T. gondii in 
ARPE-19 cells by tyrosine kinase inhibitors (TKI)

DMSO was used as a solvent for the TKIs and added to the 
negative vehicle control. Pyrimethamine 5 µM was used as the 
positive control. The highest concentrations of the 3 TKIs which 
did not detach the host cells from cover glasses were applied 
in this experiment. The concentrations of Afatinib, Erlotinib, 
and Sunitinib were 10, 50, and 10 µM, respectively (Fig. 1). At 
1 hr post infection, the drugs were added to the wells, and at 
12-hr interval post infection until 72 hr the cells in the indicat-

Fig. 1. Afatinib efficiently inhibits the intracellular multiplication of T. 
gondii RH tachyzoites in ARPE-19 cells. (A) The number of para-
sites per parasitophorous vacuolar membrane (PVM) after Giem-
sa staining. DMSO was used as the negative vehicle control, wher
eas pyrimethamine 5 µM was used as the positive control. The 
highest concentrations of 3 tyrosine inhibitors were applied in this 
experiment. The treating concentrations of Afatinib, Erlotinib, and 
Sunitinib were 10, 50, and 10 µM, respectively. Data are means 
±SD from duplicate wells. (B) A representative result of Giemsa 
stain. The host cell is ARPE-19 cells, and parasites are tachyzo-
ites of T. gondii RH strain.
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ed wells were stained with Giemsa. The number of parasites 
per PVM was counted in each stained well with 5 random high-
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power fields (×400). Fig. 1A shows the counting results as the 
mean±SD from duplicate wells. Fig. 1B shows a representative 
result of Giemsa stain. These results showed that Afatinib 10 
µM completely inhibited the intracellular growth of T. gondii 
similar to the inhibitory effect of pyrimethamine 5 µM, where-
as Erlotinib 50 µM and Sunitinib 10 µM did not inhibit the in-
tracellular growth of the parasite. 

Afatinib 5 µM and 10 µM efficiently inhibited the intracellu-
lar growth of T. gondii up to 98.0% equivalent to that of pyri-
methamine 5 µM in a dose-dependent manner (Fig. 2). Fig. 
3A shows the changes of the number of parasites per PVM af-
ter treatment with Afatinib 10 µM at 24 hr and 48 hr post in-
fection, which shows no more growth of parasites immediate-
ly after the treatment of Afatinib, respectively. Fig. 3B shows a 
representative result of Giemsa stain. These results show that 
Afatinib 10 µM completely halted the intracellular growth of T. 

gondii, but did not kill it directly in this experiment.

Effect of Afatinib on phosphorylation of STAT6 activated 
by T. gondii in ARPE-19 cells

The challenge of T. gondii induced phosphorylation of the 
Tyr641 site of STAT6, but not the Tyr701 site of STAT1 in ARPE-
19 cells (Fig. 4A). The pSTAT6 (Tyr641) peaked at 4 hr post in-
fection. The Afatinib challenge inhibited the phosphorylation 
of the Tyr641 site of STAT6 activated by T. gondii RH tachyzo-
ites from 2 to 8 hr post infection in ARPE-19 cells. At 2 hr post 

infection, the group of cells challenged with Afatinib at 1 hr 
post infection showed stronger inhibition than that before in-
fection. Fig. 4B shows the immunofluorescence stain at 2 hr 
and 8 hr post infection of which the corresponding results of 
the western blot in Fig. 4A are marked in red frame. Nuclei of 
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Fig. 3. Afatinib halts the growth of T. gondii RH tachyzoites in AR
PE-19 cells from the time of treatment. (A) The number of para-
sites per PVM after treatment with pyrimethamine 5.0 µM and Af-
atinib 10.0 µM at 24 hr and 48 hr post infection, respectively. DM
SO was used as the negative vehicle control. (B) A representative 
result of Giemsa stain. The host cell is ARPE-19 cells, and para-
sites are tachyzoites of T. gondii RH strain.
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the host cells changed in color more reddish in T. gondii infect-
ed cells by the time (Fig. 4B, RH 2 hr and 8 hr, respectively) 
whereas those of Afatinib treated the red color in the host nu-
clei was faded out (Fig. 4B, RH-Afatinib 2 hr and 8 hr, respec-
tively). These results showed that Afatinib inhibits the phos-
phorylation of STAT6 activated by T. gondii in ARPE-19 cells. 

Effect of Afatinib on phosphorylation of JAKs in ARPE-19 
cells invaded by T. gondii

The challenge of T. gondii RH tachyzoites induced phosphor-
ylation of the Tyr1022/Tyr1023 sites of JAK1 and Tyr980 site of 
JAK3 in ARPE-19 cells at 2 hr post infection. However, it is dif-

ficult to detect the phosphorylation at 4 hr and 8 hr post infec-
tion (Fig. 5). At 2 hr post infection, the group of cells challenged 
with Afatinib at 1 hr post infection showed higher levels of 
phosphorylation than that of before infection in the Tyr1022/
Tyr1023 sites of JAK1 and the Tyr980 site of JAK3 in ARPE-19 
cells. Therefore, the inhibition of the host STAT6 phosphoryla-
tion by Afatinib in ARPE-19 cells infected with T. gondii is not 
due to the host JAK signaling.

DISCUSSION

The most general treatment for ocular toxoplasmosis is a tri-

Fig. 4. Afatinib affects the phosphorylation of Stat6 activated by T. gondii (RH) in ARPE-19 cells. (A) The phosphorylation of the Tyr641 
site of STAT6, but not the Tyr701 site of STAT1 in the ARPE-19 cells after challenge with T. gondii RH tachyzoites by western blot. The 
time of Afatinib challenge was the same as T. gondii (RH) infection. Afatinib challenge was at 1 hr before infection and at 1 hr post infec-
tion. The concentration of Afatinib was 10 µM, and DMSO was used as the vehicle. (B) Immunofluorescence stain at 2 hr and 8 hr post 
infection. The corresponding results of the western blot in Fig. 4A are marked in red frame.
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ple combined therapy, which includes pyrimethamine, sulfon-
amide, and steroid treatments. However, these therapeutic drugs 
may induce severe hypersensitivity in sulfa-sensitive patients 
and bone marrow suppression; these drugs are also ineffective 
against bradyzoites within tissue cysts [21]. In addition, there 
have been no effective vaccines available for toxoplasmosis in 
humans until now. Thus, it is necessary to develop more safe 
and effective drugs for the treatment of systemic toxoplasmo-
sis, including toxoplasmic encephalitis and toxoplasmic reti-
nochoroiditis. The purpose of this study was to evaluate the ef-
fects of several TKIs on the growth of intracellular T. gondii and 
the relationship with STAT1 and STAT6 phosphorylation in the 
host ARPE-19 cells.

In this study, we found that some TKIs, Afatinib in particu-
lar, inhibited the intracellular multiplication of T. gondii in ARPE 
cells. Afatinib (5 µM and 10 µM) could efficiently inhibit the 
intracellular growth of T. gondii which was equivalent to the 
inhibitory action of pyrimethamine 5 µM in a dose-dependent 
manner. Afatinib completely halted the intracellular growth of 
T. gondii at the delayed treatment time as in the pyrimethamine 
treatment group. Those were regarded as the phenomena found 
in in vitro culture, which may be removed by immune cells such 
as cytotoxic T cells or specific phagocytic cells in vivo. 

The results of the present study were consistent with an ear-
lier study that kinase inhibitors efficiently blocked the prema-
ture egress of T. gondii [22]. The intracellular cycle of T. gondii 
also depends on host cell factors, and some kinase inhibitors, 
such as wortmannin, staurosporine, and genistein, which block 
PI3K, PKC, and tyrosine kinase activities, respectively, have been 
known to inhibit calcium ionophore A23817-induced invasion 
and egress at early stages of infection [22-24]. The challenge of 
T. gondii induced the phosphorylation of the Tyr641 site of 
STAT6, but not the Tyr701 site of STAT1 in ARPE-19 cells. The 
pSTAT6 (Tyr641) peaked at 4 hr post infection. The Afatinib 
challenge inhibited the phosphorylation of the Tyr641 site of 
STAT6 activated by T. gondii from 2 hr to 8 hr post infection in 
ARPE-19 cells using western blot and immunofluorescence 
stain. These results showed that Aafatinib inhibits the phos-
phorylation of the STAT6 activated by T. gondii RH tachyzoites 
in ARPE-19 cells. Ahn et al. [25] reported that T. gondii infec-
tion can autonomously activate STAT6, and accordingly has 
induced gene expressions specific to IL-4 responses without 
IL-4 stimulation.

One study indicated that T. gondii does not activate IL-4 pro-
duction in the infected individual based on the absence of symp-

toms, such as asthma or eosinophilia related to IL-4 responses 
in T. gondii infection [12]. In addition, T. gondii evolves to pro-
voke STAT6 activation in infected cells without an IL-4 stimu-
lus to protect the parasite from the toxoplasmacidal action of 
IFN-γ/STAT1 pathway. It is suggested that this STAT1/STAT6 
cross interaction is a survival strategy of the parasite; therefore, 
if the cells are infected and STAT6 is activated, the parasite grows 
normally regardless of the subsequent exposure to IFN-γ [25].

Cytosolic STAT6 is phosphorylated via the IL-4 receptor-as-
sociated Janus kinase (JAK) 1 or JAK3 to create a pSTAT6 di-
mer. JAK1 has been known to respond to many cytokines and 
mediates the phosphorylation of several STATs, whereas JAK3 
restricts IL-4, IL-13 to STAT6, and IL-21 to STAT3 [26,27]. The 
inhibition of JAK3 blocks STAT6 phosphorylation during the 
entry and growth of T. gondii in host cells, which suggests the 
mediation of STAT6 phosphorylation via JAK3 against the di-
rect phosphorylation of STAT6 by a secreted kinase homologue 
from the ROP 16 [12,28]. In the present study, we demonstrat-
ed that the challenge of T. gondii induces the phosphorylation 
of both the Tyr1022/Tyr1023 site of JAK1 and the Tyr980 site 
of JAK3 in ARPE-19 cells only at 2 hr post infection and disap-
pears entirely at 4 hr and 8 hr. Therefore, the inhibition of the 
host STAT6 phosphorylation by Afatinib in ARPE-19 cells in-
fected with T. gondii is not due to the host JAK signaling. 

It has been reported that approximately 30% of human pro-
teins may be controlled by protein kinases (PK), which regu-
late most cellular pathways, especially those involved in signal 
transduction, and reflects the importance of PKs in cellular pro-
cesses in eukaryotes [21]. Although some functions and PKIs of 
T. gondii have been investigated, most PK functions are not ful-
ly understood, and thus, how PKs function in signal transduc-
tion and which proteins are phosphorylated remain unclear. 
Previous studies reported that PKs will be promising drug tar-
gets for T. gondii because of their essential functions in the life 
cycle of parasites and the significant sequence differences from 
mammalian hosts [21,22,24]. Thus, investigators have suggest-
ed that PKIs are promising drugs that block a specific step of T. 

gondii. 
Although the exact pathway of inhibition of TKIs remains 

unclear, especially the role of Afatinib in the intracellular repli-
cation of T. gondii in ARPE cells, we suggest that there are some 
possible mechanisms to describe the effects of Afatinib on the 
intracellular T. gondii. First, the drug may inhibit host EGFR 
signal transduction, which may alter the cytoplasmic environ-
ment of host cells. Second, PVM may have an EGFR-like mole-
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cule. Third, parasites may have internal EGFR-like molecules. 
Finally, the drug may bind the kinase domain at the C-termi-
nal of some ROPs. However, further investigations are warrant-
ed to determine the exact pathway and mechanism of TKIs on 
the intracellular inhibition of T. gondii. This will also give a hint 
to develop novel drugs against toxoplasmosis.

In conclusion, some EGFR inhibitors, Afatinib in particular, 
can play an important role in inhibition of the intracellular 
replication of T. gondii through inhibition of spontaneous phos-
phorylation of STAT6 by the parasite. 
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