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We investigated the early innate immune responses induced in human intestinal epithelial cells (IEC) by the
three defined Toxoplasma gondii genotype strains. Transcriptome analysis revealed that among differentially
expressed genes, �-defensins distinguished the most IEC infected by fast- or slow-replicating T. gondii geno-
types. Although �-defensin 1 and 3 genes were not expressed in host cells at early time points postinfection, the
slow-replicating type II and III parasites induced high levels of �-defensin 2 gene expression. Notably, no
�-defensin 2 gene expression occurred early after infection with the fast-replicating type I parasite. However,
activation of this gene in IEC by poly(I:C) treatment prior to infection substantially decreased parasite
viability, and pretreatment of parasites with synthetic �-defensin 2 significantly reduced their infectivity of
IEC. These findings strongly support the modulation of early �-defensin 2 expression as a mechanism used by
type I T. gondii parasites to mediate immune evasion.

Toxoplasma gondii is a highly prevalent apicomplexan para-
site that infects the human population, cattle, and poultry (12,
30, 46). Molecular epidemiological studies of a wide collection
of human and animal isolates of T. gondii obtained from Eu-
rope and North America have revealed the predominance of
three major clonal lineages classified as genotypes I, II, and III.
Genetic studies of T. gondii suggest that differences in the
immune responses and, consequently, the clinical features of
the infection can be linked with the parasite genotype (1, 2,
21). Thus, understanding the genetic factors influencing T.
gondii virulence could contribute to the development of ther-
apeutics aimed at curing the disease. In mice, virulence is
strictly associated with parasite genotype. Type I infections can
cause 100% lethality with 1 parasite and are therefore consid-
ered highly virulent, whereas infections with type II and type
III, which can cause 50% lethality with approximately 104 and
106 parasites, respectively, are considered less virulent (40).
The outcome of Toxoplasma infection in mice infected with
type I parasites is mainly characterized by widespread parasite
dissemination, massive proinflammatory cytokine production,
and rapid death, regardless of the genetic background of the
mouse, while less virulent strains achieve this effect with a high
dose of inoculation and the effect is dependent on host genetic
background (14, 19).

T. gondii bradyzoites infect intestinal epithelial cells (IEC),
and this dormant form of the parasite rapidly transforms into
active tachyzoites responsible for the dissemination of the in-
fection throughout the body. Infected IEC induce innate im-
mune responses via the expression of a wide range of sensors/
receptors that recognize molecular patterns on pathogens

invading the gut mucosa and transduce NF-�B activating sig-
nals (36). These signals induce the transcription of genes cod-
ing for antimicrobial peptides, cytokines, and chemokines. An-
timicrobial peptides are evolutionarily conserved components
of the innate immune system (50). There is evidence that
expression of human �-defensin 1 (HBD1) and HBD4 genes in
intestinal epithelial cells is constitutive (31, 41), whereas
HBD2 and HBD3 gene expression is inducible in response to
various signals, such as bacteria, pathogen-associated molecu-
lar patterns, or proinflammatory cytokines, such as tumor ne-
crosis factor alpha (TNF-�) and interleukin-1� (IL-1�) (17, 18,
42). Defensins are initially synthesized as prepropeptides and
are posttranslationally processed into mature active peptides
(15). HBDs possess antimicrobial activity against a wide range
of bacteria (8, 18), fungi (13), and viruses (32). In addition,
defensins have chemoattractant properties on different cell
types, such as monocytes, T lymphocytes, and dendritic cells
(DC) (25). The antimicrobial activity of defensins is essentially
mediated by the permeabilization of target membranes and
may also coincide with inhibition of RNA, DNA, and protein
synthesis in pathogens (6).

In the present study, we investigated the early innate mech-
anisms activated in human IEC against T. gondii of the three
defined genotypes. Our study demonstrates that the type I
(RH) parasites induce poor early innate immunity in human
IEC, which includes a failure to induce �-defensin 2 expres-
sion.

(This work was presented in part at the 2nd European Con-
gress of Immunology, Berlin, Germany, 13 to 16 September
2009.)

MATERIALS AND METHODS

Cells. Human foreskin fibroblast cells (HFF-1) obtained from the ATCC were
used to passage T. gondii tachyzoites. The human ileocecal adenocarcinoma cell
line (HCT-8) was obtained from the ECACC (Sigma Aldrich). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)–nutrient mixture Ham’s
F-12 medium (Invitrogen Life Technologies) supplemented with 10% fetal bo-
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vine serum (FBS) (Biochrom AG, Germany) and maintained at 37°C and 5%
CO2. Human small intestine primary epithelial cells were obtained from Inno-
prot (Bizkaia, Spain). These cells were expanded on precoated culture flasks with
Matrigel (40 �g/ml) and collagen IV (30 �g/ml) in DMEM–Ham’s F-12 medium
supplemented with 2% fetal calf serum (FCS), glutamine (2.5 mM), penicillin
(100 U/ml), streptomycin (100 �g/ml), epidermal growth factor (20 ng/ml), trans-
ferrin (5 �g/ml), insulin (5 �g/ml), hydrocortisone (1 �g/ml), and retinoic acid
(300 ng/ml).

Toxoplasma gondii genotypes. Toxoplasma gondii type I (RH) and type II (76K)
strains were obtained from the Toxoplasma Reference Laboratory at our insti-
tute, and the type III (NED) strain was obtained from the National Toxoplasma
Reference Laboratory (Limoge, France). Bradyzoites were obtained from brain
cysts of Swiss mice infected with the 76K strain. These parasites were purified by
continuous density gradient centrifugation as described by Cornelissen et al. (10).

Infection of IEC monolayers and parasite quantification. Intestinal epithelial
cell monolayers were infected with each of the three freshly isolated T. gondii
genotypes at a multiplicity of infection (MOI) of 1. DNA was extracted from
infected cells to study parasite replication. The T. gondii target DNA was
AF146527, a 529-bp fragment repeated 200- to 300-fold in the T. gondii genome.
Quantitative real-time PCR was performed as previously described (20). Cycle
threshold (CT) values were converted to parasite numbers from CT values for T.
gondii standards generated with a range of parasite numbers. In order to deter-
mine parasite-induced host cell cytotoxicity, lactate dehydrogenase (LDH) in
culture supernatants from IEC monolayers was measured (CytoTox; Promega).

[3H]uracil staining and replication assay. T. gondii expresses uracil phospho-
ribosyl transferase, an enzyme that salvages uracil to produce uracil monophos-
phate and hence can be used as a marker for parasite survival and growth (9). In
microtiter culture plates, IEC were infected with T. gondii parasites at selective
time points, followed by the addition of 2.5 �Ci of [3H]uracil/well (Amersham).
Cells were analyzed for radioactivity as measured in counts per minute.

Reporter gene assay. Intestinal epithelial cells were cultured in 24-well plates,
followed by transient transfection with 1 �g plasmid encoding the reporter gene
luciferase activated by NF-�B (pIL8-�B-luc) and 40 ng of pRL-TK (internal
control reporter-Renilla luciferase) (44) using Fugene 6 (Roche) transfection
reagent. Cells were then infected with the three genotypes of T. gondii
tachyzoites. Twenty-four hours later, the reporter gene activity in cell lysates was
detected by a dual-luciferase reporter assay system (Promega) and measured
with a Lumat LB 9507 luminometer (Berthold Technologies, Germany).

Cytokine assays. HCT-8 cell culture supernatants were collected every 8 h for
a period of 48 h following infection with the three T. gondii genotype strains. The
presence of IL-8 and IL-6 in culture supernatants was determined by a cytokine-
specific sandwich enzyme-linked immunosorbent assay (ELISA) (eBioscience).
Optical densities were converted to concentrations using a range of cytokine
standards of known concentrations.

TaqMan low-density array. Synthesis of cDNA was performed using a cDNA
Quantitect kit (Qiagen). Quantitative real-time PCR (TaqMan) assays were
performed using customized 48-gene-format TaqMan low-density arrays on an
Applied Biosystems PRISM 7900 sequence detection system. Specific primers
and probes were all designed and prepared by Applied Biosystems. The 48-gene-
format low-density array contained 44 selected target genes and 4 housekeeping
genes (the 18S, Rplp1, hypoxanthine phosphoribosyltransferase [HPRT], and �-ac-
tin genes) and was run on samples from noninfected (n � 3), type I (n � 3), type II
(n � 3), and type III (n � 3) T. gondii-infected samples. The 2��Ct method was used
to calculate relative gene expression, using 18S as the housekeeping gene.

Quantitative reverse transcriptase PCR (RT PCR). RNA was extracted from
infected and noninfected IEC by use of an RNeasy minikit (Qiagen). cDNA
synthesis was performed using a RevertAid H Minus cDNA synthesis kit (Fer-
mentas). PCR mixtures (20 �l) containing 1 �l of cDNA, specific primers for
�-defensins (43), and SYBR green supermix IQ (Quanta, VWR) were run in
triplicate. Standard curves were generated from serial dilutions of PCR products,
which were purified using a QIAquick kit (Qiagen). CT values were used to
calculate the relative expression levels of genes (2��Ct method) by use of the
ribosomal 18S gene as the reference gene.

Statistical analysis. A one-way analysis of variance (ANOVA) was used to
compare the IEC responses elicited by the three different T. gondii genotypes
using GraphPAd InStat software.

RESULTS

Intracellular replication of T. gondii and host cell cytotox-
icity. In order to verify that HCT-8 cells are a suitable in vitro
model for evaluating T. gondii genotype-specific differences,

we first determined the intracellular replication of these par-
asites in this cell line. Measurement of parasite replication at
8-h intervals for a period of 48 h after infection demonstrated
a significant difference in replication rate between the three
genotypes from 24 h postinfection (Fig. 1A). The type I (RH)
parasite load was significantly higher (P � 0.001) than the
loads of type II (76K) and type III (NED) T. gondii. Remark-
ably, type I parasite replication was exponential from 32 h
postinfection onwards, whereas type II and type III parasites
showed intermediate and low replication levels, as evidenced
by gradual increases in parasite load (Fig. 1A). Second, we
determined if the parasite replication had a deleterious effect
on host cells. LDH in culture supernatants was measured as an
indicator of host cell cytotoxicity. A direct correlation between
parasite replication and IEC cytotoxicity was observed with
type I and type II T. gondii strains by comparing their respec-

FIG. 1. T. gondii replication is correlated with IEC cytotoxicity.
(A) Comparison of levels of replication of the three T. gondii genotype
strains. Human IEC cultured in 24-well plates at a density of 3 � 105

cells/well were left noninfected or infected with either type I (RH),
type II (76K), or type III (NED) parasites at a MOI of 1. DNA was
extracted from noninfected and infected cells at 8-h intervals for a
period of 48 h, and a quantitative PCR was performed using T. gondii-
specific primers and probe (see Materials and Methods). Results are
expressed as numbers of T. gondii parasites/50 ng of DNA. ***, P �
0.0001; **, P � 0.001; and *, P � 0.05. Data are representative of 3
experiments, performed in triplicates at each time point. (B) Distinct
levels of IEC cytotoxicity are induced by the three T. gondii genotype
strains. Cell cultures were set up as described above, and supernatants
were collected from noninfected/infected cells at 8-h time intervals.
Lactate dehydrogenase in culture supernatants was measured using a
CytoTox kit (Promega), and optical densities (O.D.) were measured at
490 nm. Data are representative of two experiments performed in
triplicate at each time point.
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tive correlation coefficients (P values of 0.6 and 0.2) (Fig. 1B).
Similar to the replication of parasites, the host cell cytotoxic-
ities induced by the three T. gondii genotype strains were in the
order RH 	 76K 	 NED. Importantly, significant LDH re-
lease was detected only in supernatants from 32 h postinfec-
tion, correlating with the high parasite load observed in IEC.

Type I and type III T. gondii parasites induce significantly
lower levels of NF-�B activation and cytokine production in
IEC than type II T. gondii. Previous reports on the capacity of
T. gondii to activate host cells have provided conflicting results,
largely because of the use of different hosts and/or cell types;
moreover, these studies were performed only with the RH
strain of T. gondii (7, 24, 29, 38). We aimed to compare the
levels of NF-�B activation induced in human IEC by the three
different T. gondii genotype strains. Although our experiments
indicated that each of the three T. gondii genotype strains
elicited activation of NF-�B in comparison to the level for
noninfected cells (for type I, P � 0.001; for type II, P � 0.0001;
and for type III, P � 0.05), the magnitudes of activity between
strains were significantly different (Fig. 2A). We observed that
type II parasites, which displayed intermediate replication, in-
duced higher levels of NF-�B activity in IEC than type I and III
parasites, confirming the observation of Robben and col-
leagues in human macrophages (33). We further examined
whether the distinct levels of NF-�B activity could be corre-

lated with downstream cytokine production. Type II parasites
were seen to activate IEC to secrete significantly higher levels
of IL-8 than type I and type III strains from 8 h until 48 h
postinfection (Fig. 2B). However, a gradual increase in IL-8
secretion occurred over time following infection with type I
and type III parasites. Likewise, the production of IL-6 follow-
ing type II 76K strain infection was also significantly higher
than that induced by type I and type III parasites. Moreover,
the levels of IL-6 produced at 8 h postinfection remained
unchanged over the 48-h period (Fig. 2C).

Type I parasites induce expression of significantly fewer
innate genes in IEC than type II and type III strains. The
marked differences in NF-�B activity and cytokine production
induced in IEC by the three T. gondii genotype strains led us to
investigate the expression of innate immune response genes
following infection. RNA isolated from infected or nonin-
fected IEC was analyzed by microfluidic arrays for the expres-
sion of innate immune response genes. Of note, in response to
type II (76K) parasites, IEC induced higher levels of expres-
sion of IL-1�, IL-8, TNF-�, CCL20, thymic stromal lympho-
poietin (TSLP), and CXCL10 after 3 h of infection than type I
parasites (Fig. 3). At 8 h postinfection, type I parasites specif-
ically downmodulated the expression of IL-1�, IL-6, and

�D2 mRNA (Fig. 3). The expression of IL-8, IL-23A,
TNF-�, CCL20, TSLP, and CXCL10 mRNA, on the other

FIG. 2. Type I and type III T. gondii strains induce low levels of NF-�B activation and poor cytokine secretion in human IEC compared to type
I parasites. (A) NF-�B activation. IEC were infected by each T. gondii genotype strain at a MOI of 5 or stimulated with the TLR3 ligand [poly(I:C);
50 �g/ml]. NF-�B activation was measured by a reporter gene assay at 24 h postinfection. Results were expressed as fold NF-�B inductions
obtained after the number of relative light units for infected cells was normalized to that for noninfected cells. ***, P � 0.0001; **, P � 0.001;
*, P � 0.05. Data are representative of three experiments, performed in triplicate at each time point (B and C) Differential induction of IL-8 and
IL-6 secretion by the three T. gondii genotypes strains. Cells were cultured in 24-well plates (3 � 105 cells/well) and infected with the three T. gondii
genotypes at a MOI of 1. Cytokine secretion in culture supernatants from infected cell cultures collected at 8-h intervals for a period of 48 h was
measured by a sandwich ELISA. Optical densities obtained were converted to cytokine concentrations using standard curves of known concen-
tration for each cytokine. Data are representative of three experiments performed in triplicate at each time point.
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hand, was further increased by all three strains (Fig. 3). Over-
all, the gene expression arrays induced by type II and type III
parasites were seen to be similar.

�-Defensins are effector molecules that play an important
role in early intestinal innate immune defense by their dual
function primarily as antimicrobial factors for defending
against pathogens and secondarily as chemotactic factors for
recruiting cells for adaptive immune responses. Thus, the dif-
ferences observed in replication capacity between the three T.
gondii types could reflect differences in stimulation of IEC for
the secretion of antimicrobial immune effectors such as �-de-
fensins. To investigate this possibility, we examined the early
expression of the 
�D1, -2, and -3 antimicrobial peptide genes
in IEC upon infection by the three T. gondii genotype strains.
As depicted in Fig. 4B, clear increases in 
�D2 mRNA levels
occurred after 3 h of infection with type II and type III T.
gondii strains but not with type I strains. However, no signifi-
cant induction of constitutively expressed HBD1 mRNA levels
was observed following infection by each of the three T. gondii

genotypes (Fig. 4A). 
�D3 gene expression, on the other
hand, was downregulated by all the three T. gondii genotype
strains (Fig. 4C). We also tested the capacity of T. gondii to
stimulate the immune response of IEC when the tachyzoites
are converted into bradyzoites, a stage known to be involved in
the transmission of the infection in vivo. For this purpose,
bradyzoites from type II 76K parasite cysts isolated from the
brains of infected mice were tested for their capacity to stim-
ulate HBD2 in IEC. Data in Fig. 4D show that 76K bradyzoites
were potent stimulators of HBD2 by IEC. Taken together,
these results supported the notion that the lower replication
rates of type II and III parasites might reflect their capacity to
efficiently stimulate IEC to produce the antimicrobial peptide
�-defensin 2. Moreover, �-defensin 2 production was also ob-
served with other strains of type II and III genotypes, demon-
strating that our results were not specific to 76K and NED
strains (see Fig. S1 in the supplemental material).

Evidence for a major antimicrobial activity of ��D2 against
T. gondii. The absence of early 
�D2 gene expression in IEC

FIG. 3. Differential expression of early innate immune genes induced in human IEC by high- and low-virulence T. gondii strains. Gene
expression levels in noninfected (n � 3) and type I (n � 3), type II (n � 3), and type III (n � 3) strain T. gondii-infected IEC at 3 h (A) and 8 h
(B) postinfection were compared by using TaqMan Custom Array technology.
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infected with type I T. gondii led us to postulate that its ex-
pression could be actively downmodulated by type I parasites
in order to gain a foothold in the host. To address this possi-
bility, we firstly examined HBD2 expression in IEC following
poly(I:C) treatment, shown by our previous data to induce high
NF-�B activity in HCT-8 cells. Poly(I:C) induced a time-de-
pendent increase in 
�D2 mRNA expression, whereas 
�D1
and HBD3 mRNA remained baseline (Fig. 5A). In order to
examine the antimicrobial effect of HBD2, shown to be in-
duced by poly(I:C) treatment of IEC, type I parasites were
incubated with cell culture supernatants obtained at 3, 8, and
24 h after poly(I:C) treatment (Fig. 5B). In another set of
experiments, parasites were incubated with IEC pretreated
with poly(I:C) for identical periods of time (Fig. 5C). In both
cases, the viability of type I parasites was seen to decrease in a
time-dependent manner correlating with the upregulation of
HBD2 gene expression, providing evidence for the antimicro-
bial role of HBD2. To assess the direct antimicrobial effect of

�D2, parasites were pretreated for 2 h with synthetic 
�D2
peptide obtained from Peptonova, Germany, and parasite in-
vasion into IEC was examined. At a 25 �M concentration of
HBD2 peptide, a significant decrease in infectivity was ob-
served, as measured by the lower level of [3H]uracil uptake by
parasites than by non-HBD2 treated parasites. This effect was
observed to be more severe when the concentration of HBD2
was increased to 50 �M (Fig. 5D).

We further investigated the possibility that the reduced
HBD2 production observed after infection with type I para-

sites might be the reflection of active suppression exerted by
the parasite on IEC. To test this hypothesis, we first infected
human IEC with RH and then stimulated them with poly(I:C)
to stimulate the production of HBD2. As shown in Fig. 5E,
poly(I:C) stimulation of IEC infected by the type I RH strain
produced as much HBD2 as uninfected cells, demonstrating that
failure to produce HBD2 during infection by RH was due to the
inability of type I parasites to stimulate innate immunity in IEC.

Lack of HBD2 expression in HIPEC infected by T. gondii
type I parasites. To see if HBD2 expression by T. gondii in-
fection is not restricted to transformed IEC, we further exam-
ined the expression of its gene in human primary intestinal
epithelial cells (HIPEC). As depicted in Fig. 6A, similar to
what was observed in the HCT-8 cell line, both type II and type
III parasites stimulated the expression of HBD2 in primary
epithelial cells as early as 3 h after infection. The expression
was sustained at 8 h postinfection, and then it decreased to
levels expressed in noninfected cells. However, HBD2 mRNA
levels observed at 3 different time points in type I (RH)-
infected cells were below those recorded for noninfected epi-
thelial cells, decreasing 70-fold lower after 24 h. Thus, similar
to what was observed in HCT-8 cells, the failure of type I
parasite to stimulate the expression of HBD2 was also ob-
served in primary human intestinal epithelial cells.

In our last set of experiments, we investigated whether the
differences observed in HBD2 production between the differ-
ent genotypes could influence the replication of the parasite in
human primary IEC. As expected, type I parasites, which do

FIG. 4. Type I (RH strain) T. gondii suppress 
�D2 gene expression in human intestinal epithelial cells. IEC were cultured in 24-well plates
at a density of 3 � 105 cells/well and infected with the three T. gondii genotype strains at a MOI of 5. RNA was extracted from infected and
noninfected cells at 3, 8, and 24 h postinfection. First-strand cDNA was synthesized using oligo(dT) primers and a RevertAid H Minus cDNA
synthesis kit (Fermentas). Quantitative PCR was performed using primers specific for 
�D1 (A), 
�D2 (B), or 
�D3 (C) using SYBR green
supermix (Bio-Rad). (D) Bradyzoites obtained from 76K-infected mice were used for infection in IEC, and HBD2 gene expression was measured
at 3- and 8-h time points using the method described above. Results are expressed as relative gene expression levels. ***, P � 0.0001. Data are
representative of two experiments, each performed in triplicate at each time point.
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not stimulate HBD2 in primary cells, had the highest level of
replication in IEC cells (Fig. 6B). On the other hand, type II
parasites, which stimulated HBD2 production as early as 3 h
after infection, exhibited lower levels of replication. Inter-
estingly, this difference in replication was also observed in
the control human fibroblast cell line HFF-1, known for its
incapacity to produce �-defensin 2. Taken together, these
results suggested that, though the direct effect of HBD2 on
parasite replication was demonstrated in our study, factors
other than the capacity to stimulate HBD2 could also con-
trol parasite growth. Whether these factors are intrinsic to
the parasite or depend on the type of host cells remains to
be determined.

DISCUSSION

The data presented in this study strongly support the con-
cept that parasite virulence, to a great extent, can be correlated
with its capacity to downmodulate the expression of host in-
nate immune genes in an attempt to establish infection. The
manipulation of early IEC response by T. gondii in a strain
genotype-dependent manner, a major finding of this study, is
of consequence and contributes to the understanding of the
parasite genotype-dependent pathogenesis of toxoplasmosis
previously described (39).

Since T. gondii parasites replicate in small intestinal epithe-
lial cells before disseminating to distant organs of the body, the

FIG. 5. Antimicrobial effect of HBD2 against type I T. gondii. (A) Poly(I:C) induces HBD2 gene expression. IEC were stimulated with poly(I:C)
(50 �g/ml) for 3 h, 8 h, and 24 h, followed by RNA extraction. First-strand cDNA was synthesized using oligo(dT) primers and a RevertAid H
Minus cDNA synthesis kit (Fermentas). Quantitative PCRs for HBD1, HBD2, and HBD3 were performed as described in the legend to Fig. 4.
***, P � 0.0001. (B) Antimicrobial effect of poly(I:C)-induced HBD2 on type I T. gondii. Three-, eight-, and 24-hour culture supernatants of
poly(I:C) (50 �g/ml)-induced IEC were incubated for 2 h with type I T. gondii, along with the addition of 2.5 �Ci of [3H]uracil/well (Amersham).
Supernatants were then analyzed for uptake of [3H]uracil by these parasites. The data are represented as percent [3H]uracil uptake in comparison
to the level for non-poly(I:C)-treated counterparts. ***, P � 0.0001; *, P � 0.05. (C) Decrease in viability of type I parasites in IEC pretreated
with poly(I:C). IEC were pretreated with poly(I:C) (50 �g/ml) for 3, 8, and 24 h. At each time point, the cells were infected with type I T. gondii,
followed by the addition of 2.5 �Ci of [3H]uracil/well. After 24 h of infection, cells were analyzed to measure [3H]uracil by intracellular parasites.
The data are represented as percent [3H]uracil uptake in comparison to the level for non-poly(I:C)-treated counterparts. ***, P � 0.0001; *, P
� 0.05. (D) Antimicrobial effect of synthetic HBD2 peptide on T. gondii parasites. T. gondii parasites were pretreated at 25 �M and 50 �M
concentrations of HBD2 (Peptanova, Germany) for 2 h. Parasites were then washed and infected to IEC monolayers along with the addition of
2.5 �Ci of [3H]uracil/well (Amersham). The data are represented as percent [3H]uracil uptake by type I parasites compared to the level for
non-HBD2-treated counterparts. ***, P � 0.0001. (E) Lack of ability to suppress poly(I:C)-induced HBD2 by type I (RH) parasites. IEC were
infected with RH parasites for a period of 24 h, followed by stimulation with poly(I:C) (50 �g/ml) for 3 and 8 h. Cells treated with only poly(I:C)
were used as a positive control, and noninfected and nonstimulated cells were used as a negative control. Quantitative PCR was performed on
cDNA obtained from these cells for expression of the HBD2 gene.
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early response of IEC to T. gondii is likely to influence the
subsequent course of infection, as suggested previously (4, 23).
Early gene expression in IEC following T. gondii infection was
strikingly strain specific. Response to the type I (RH) T. gondii
strain was significantly lower, a difference more pronounced at
3 h than at 8 h postinfection. The expression of HBD2 follow-
ing the interaction of pathogens with cell surface receptors is
known to be mediated by IL-1� (27). The impaired expression
of IL-1� mRNA induced by type I parasites in our experiments
therefore may also explain the low levels of 
�D2 mRNA.
Likewise, the slower upregulation of chemokine CCL20 and
CXCL10 mRNA, known to rapidly recruit immature DC and
effector T cells, suggests early evasion of immunosurveillance
by type I parasites (5, 48). Evidence for the capacity of type I
parasites to distinctly manipulate IEC response as opposed to
type II and type III parasites was also revealed by the lower
levels of mRNA expression of TSLP known to regulate T-cell
differentiation and DC maturation (28). On the other hand,
the simultaneous downmodulation of CCR6 mRNA, the re-
ceptor for CCL20, by all three genotypes of T. gondii strains in
IEC provides evidence for a scenario where CCL20 is primarily
available for the early recruitment of CCR6 expressing adap-
tive immune cells (37).

Our study is the first to demonstrate the capacity of type I T.
gondii, known to be virulent, to downmodulate early HBD2
gene expression in IEC. The induction of 
�D2 gene expres-
sion in IEC via NF-�B activation is regulated by the Toll-like
receptor (TLR) and nucleotide olimerization domain as well as
by cytokines (11, 16). Previous reports have shown the capacity
of lipopolysaccharide (LPS) and peptidoglycan via TLR4 and
TLR2, respectively, to induce HBD2 expression in intestinal
epithelial cells (47). In this study, we report the capacity of
poly(I:C), a TLR3 ligand, to induce HBD2 gene expression. Of
note, we found that both HCT-8 cells and human primary
intestinal epithelial cells expressed functional TLR3 (data not
shown). Although an antimicrobial effect of poly(I:C)-induced
HBD2 was observed on both extracellular and intracellular
type I parasites, we cannot exclude the possible role of other
factors, such as type I interferons, known to be induced

through the TLR3 pathway, in the reduction of parasite via-
bility (26). However, pretreatment of parasites with commer-
cial HBD2 peptide decreased the infectivity of type I parasites
into IEC, providing additional evidence for the direct antimi-
crobial effect of this defensin. On the other hand, type II and
type III parasites, known to be less virulent, induced the early
expression of HBD2, suggesting that they do not use the down-
modulation of this gene for immune evasion. This finding sug-
gests that the enhancement of HBD2 expression by type II and
III parasites in the gut may be an efficacious intervention for
these T. gondii infections, as it has recently been demonstrated
for chronic Pseudomonas aeruginosa lung infection (18).

Pathogenic bacteria that invade the gastrointestinal tract
and colonize the intestinal mucosa have been shown to inter-
fere with the transcription of 
�D genes in epithelial cells (3,
22), and evidence for a role for virulence proteins was provided
in the case of Shigella flexneri (43). The exact parasite-depen-
dent mechanism used by type I T. gondii to manipulate the host
early innate immune response is unknown. We hypothesize a
possible role for early-secreted rhoptry kinases ROP18 and
ROP16, previously demonstrated to play major roles in para-
site replication and in alteration of host cell transcription ca-
pacity, respectively (11, 34, 35, 45). ROP16 from type I para-
sites phosphorylates STAT3, downmodulating innate immune
responses; however, a single-nucleotide polymorphism (SNP)
recently discovered in the active domain of this enzyme in the
type II strain prevents this activity (49). This could explain the
downmodulation of early innate responses elicited by type I
parasites in IEC in contrast to the level for type II parasites.
ROP16 proteins are virtually identical in type I and type III
strains but highly polymorphic in type II parasites (35), possi-
bly providing an explanation for the low levels of IL-6 and IL-8
secreted by IEC in response to the former parasites in contrast
to the level for type II parasites.

In summary, this study demonstrates that T. gondii infections
activate NF-�B and its downstream innate immune genes in
human intestinal epithelial cells and that the magnitude of this
activation is T. gondii strain type dependent. Further, we pro-
vide evidence that the suppression of �-defensin 2 gene ex-

FIG. 6. Type I (RH strain) T. gondii suppresses 
�D2 gene expression in human primary IEC. (A) Human primary IEC were cultured in
24-well plates at a density of 3 � 105 cells/well and infected with the three T. gondii genotype strains at a MOI of 5. RNA from infected and
noninfected cells was extracted at 3, 8, and 24 h postinfection. First-strand cDNA was synthesized using oligo(dT) primers and a RevertAid H
Minus cDNA synthesis kit (Fermentas). Quantitative RT-PCR was performed using primers specific for 
�D2 using SYBR green supermix
(Bio-Rad), as detailed in Materials and Methods. Results are expressed as relative gene expression levels. (B) Replication of parasites in human
primary intestinal epithelial cells (HIPEC) and human fibroblast cells (HFF-1). After 24 h of infection with RH, 76K, and NED strains, cells were
analyzed for [3H]uracil uptake. The data shown in the figure are represented in counts per minute.
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pression is one of the important mechanisms used by type I
parasites to evade intestinal innate immune defenses.
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