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Expression of functional transforming growth factor (3 (TGF-f3) receptors (TBR) is required for the invasion
of mammalian cells by the protozoan parasite Trypanosoma cruzi. However, the precise role of this host cell
signaling complex in 7. cruzi infection is unknown. To investigate the role of the TGF-f signaling pathway,
infection levels were studied in the mink lung epithelial cell lines JD1, JM2, and JM3. These cells express
inducible mutant TBR1 proteins that cannot induce growth arrest in response to TGF-3 but still transmit the
signal for TGF-f3-dependent gene expression. In the absence of mutant receptor expression, trypomastigotes
invaded the cells at a low level. Induction of the mutant receptors caused an increase in infection in all three
cell lines, showing that the requirement for TGF-3 signaling at invasion can be divorced from TGF-B-induced
growth arrest. TGF-3 pretreatment of mink lung cells expressing wild-type TBR1 caused a marked enhance-
ment of infection, but no enhancement was seen in JD1, JM2, and JM3 cells, showing that the ability of TGF-3
to stimulate infection is associated with growth arrest. Likewise, expression of SMAD7 or SMAD2SA, inhib-
itors of TGF-B signaling, did not block infection by T. cruzi but did block the enhancement of infection by
TGF-p. Taken together, these results show that there is a dual role for TGF-3 signaling in 7. cruzi infection.
The initial invasion of the host cell is independent of both TGF-B-dependent gene expression and growth

arrest, but TGF-3 stimulation of infection requires a fully functional TGF-f signaling pathway.

Trypanosoma cruzi is the agent responsible for Chagas’ dis-
ease, a chronic infection widespread in Central and South
America (4). T. cruzi is an intracellular parasite in the mam-
malian host. Infectious metacyclic trypomastigotes introduced
in the feces of the hemophagic reduviid bug invade host cells.
Initially the parasite is located in a lysosomal compartment, but
it rapidly escapes into the cytoplasm. Amastigotes, the intra-
cellular form of the parasite, divide in the host cell cytoplasm
and then differentiate back into trypomastigotes, which are
released, destroying the cell and allowing continuation of in-
fection in new cells.

The process of mammalian cell invasion by 7. cruzi and the
mechanisms of parasite survival within the host cell are poorly
understood. Entry is accompanied by stimulation of several
host cell signaling pathways by trypomastigotes. Calcium tran-
sients (16), tyrosine phosphorylation (20), MAP kinase activa-
tion (20), and transforming growth factor 8 (TGF-B) receptor
(TBR) activation (10) are all important in invasion. The role of
TGF-B signaling in 7. cruzi infection is demonstrated by the
fact that infection is very low in the absence of TBR1 or -2 and
is restored by expression of the deficient receptor (10). Prein-
cubation of host cells with TGF-B causes a marked enhance-
ment of infection (10), but the mechanism by which TGF-B
promotes 7. cruzi infection is not known.

TGF-p is a pleiotropic factor that regulates a number of
cellular functions and can stimulate expression of extracellular
matrix proteins, cell cycle arrest, cell growth, and apoptosis in
different cell types (15). The TBR complex is made up of two
transmembrane serine/threonine kinases, TBR1 and TRR2
(21). TBR2 kinase is constitutively active but cannot induce
signaling until TGF-B binding induces association with TBR1
(22). Phosphorylation of TBR1 by TBR2 activates kinase ac-

* Corresponding author. Mailing address: Dept. of Pathology, Tufts
University School of Medicine, 136 Harrison Ave., Boston, MA 02111.
Phone: (617) 636-2933. Fax: (617) 636-6849. E-mail: Mpereira
@infonet.tufts.edu.

2077

tivity and stimulates association with SMAD2 and SMAD?3 (6,
9, 12). In unstimulated cells, these proteins are present in an
inactive form in the cytoplasm. Phosphorylation by TBR1 ac-
tivates SMAD2 and SMAD3, causing association with the re-
lated protein SMAD4 and translocation to the nucleus, where
the SMAD complex binds to DNA and triggers gene expres-
sion (1, 8, 9, 19). SMAD7, an inhibitory member of the SMAD
family, is induced by TGF-B signaling (2, 13). This protein
binds to TBR1 and prevents association with the signaling
SMAD proteins, thereby blocking TGF-B signaling.

TGF-B signaling has been extensively studied by overexpres-
sion of mutant receptors and SMAD proteins to dissect the
function of different components of the pathway. The mutant
TBRI1 receptors, JD1, JIM2, and JM3, all contain mutations in
the juxtamembrane region of the receptor (17). JM2 and JM3
are mutated at specific phosphorylation sites, Ser172 and
Thr176, respectively, while JD1 lacks the entire juxtamem-
brane region from amino acid 150 to 181. All three mutants are
active in kinase activity and can trigger changes in expression
of the matrix proteins fibronectin and plasminogen activator
inhibitor, but they cannot induce growth arrest. Overexpres-
sion of SMAD7 or of SMAD2SA, a mutant of SMAD?2 in
which the phosphorylation sites (Ser465 and Ser247) are mu-
tated to alanine residues, both block TGF-f signaling com-
pletely (1, 13, 19). Expression of SMAD2SD, which contains
aspartate residues in place of Ser465 and Ser467, leads to
constitutive activation of these pathways (19).

In order to study the role of TGF-B signaling in 7. cruzi
infection, we utilized an inducible expression system in mink
lung epithelial (Mv1Lu) cells to determine the effect of expres-
sion of mutant TBR1 proteins and SMAD family proteins on
infection.

MATERIALS AND METHODS

Parasites and cells. 7. cruzi Silvio strain trypomastigotes were maintained in
Vero cells in RPMI medium supplemented with 10% fetal bovine serum, 12.5
mM HEPES, 2 g of sodium bicarbonate per liter, penicillin, and streptomycin
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(Gibco, Rockville, Md.). Released trypomastigotes were harvested by centrifu-
gation at 500 X g for 5 min to remove host cells and debris and at 1,200 X g for
10 min to recover parasites. All experiments were carried out using wild-type
MvlLu or R4.2 cells, which are mutant Mv1Lu cells lacking functional TBR1.
Stable transfectants of MvlLu and R4.2 cells were generated with pMEP4-
derived plasmids—pMEP4 expresses genes under the control of the metallothio-
nein promoter, which is activated by Zn?>* (17, 21). Construction of the plasmids
and development of stable transfectants containing mutant TBR1, SMAD2SA,
and SMAD7 proteins are described in references 17, 19, and 7, respectively.
Functional studies revealed that the TBR1 transfectants were resistant to growth
arrest by 2 ng of TGF-B1 per ml, as described in references 7, 17, and 19. Mv1Lu
cells were maintained in minimal essential medium (MEM) supplemented with
nonessential amino acids, 10% fetal bovine serum, 12.5 mM HEPES, 2 g of
sodium bicarbonate per liter, penicillin, and streptomycin (Gibco).

Infection assays. Mv1Lu cells were plated into 96-well plates at 2 X 10%/well
and incubated overnight. Expression of receptors or mutant SMAD proteins was
induced by replacement of medium with MEM containing 0.2% serum and 100
M zinc chloride and incubation for 4 to 6 h (17). For TGF-B pretreatment, cells
were incubated for 24 h in the presence of various concentrations of recombinant
human TGF-B1 (R&D Systems, Minneapolis, Minn.). For infection, trypomas-
tigotes were added at a concentration of 10%ml in RPMI medium-1% bovine
serum albumin for 2 h. The plates were washed with RPMI medium and then
incubated in MEM containing 2.5% Nu serum at 37°C for 48 h. Plates were
washed with phosphate-buffered saline and stained with DiffQuik as described in
reference 14. The percent infection and number of parasites were determined for
at least 300 cells per well. Significance was determined using Student’s ¢ test.

RESULTS AND DISCUSSION

In order to determine the role of the growth arrest pathway
in infection with 7. cruzi, R4.2 cells, whose TBR1 is nonfunc-
tional, were induced to express wild-type TBR1 and mutant
TBR1 proteins JD1, IM2, and JM3. The various transfectants
were then infected with 7. cruzi trypomastigotes, and after 2
days, the infection level in the cells was determined. Addition
of 100 uM zinc chloride had no significant effect on infection
of wild-type MvlLu (Fig. 1). R4.2 cells transfected with
pMEP4 alone show significantly lower levels of infection than
wild-type cells (P < 0.02). This is in accordance with the ob-
servations made previously with the mutant Mv1Lu line R1B,
which also bears nonfunctional TBR1 (10). The results with
both R1B and R4.2 cells show that 7. cruzi requires functional
TBR1 expression for proper invasion, at least of epithelial
cells.

No change in infection was seen when R4.2 cells were incu-
bated with zinc prior to infection. By contrast, the percentage
of cells infected was markedly increased in R4.2 cells trans-
fected with pMEP4 carrying the wild-type TBR1 gene and
exposed to zinc to induce receptor expression, which is under
the control of the zinc-sensitive metallothionein promoter.
Basal levels of infection in the transfectants (i.e., in the absence
of zinc stimulation) were also higher in these cells, probably
due to a low level of constitutive receptor expression. Expres-
sion of the mutant receptors JD1, IM2, and JM3 enhanced the
infection level in each case. Consistent results were obtained in
eight experiments. These results show that expression of TBR1
is sufficient to enhance infection level, irrespective of the abil-
ity of the receptor to induce growth arrest. Thus, although the
receptor is required for invasion, induction of growth arrest by
the parasite is unlikely to be the basis of that requirement.

Exposure of Mv1Lu cells to TGF-f enhances infection dra-
matically (10). To determine whether the growth arrest path-
way might be involved in this enhancement, R4.2 cells express-
ing wild-type or mutant receptors were incubated with various
concentrations of TGF-B 24 h before infection. In the absence
of zinc, infection levels were uniformly low in the presence or
absence of TGF-B (data not shown). TGF-B did not have any
effect on infection of R4.2 cells transfected with an empty
plasmid (Fig. 2). Cells expressing wild-type TBR1 showed a
dose-dependent enhancement of infection with increasing con-
centrations of TGF-B1. However, in JD1, JM2, and JM3, the
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FIG. 1. Expression of wild-type and mutant TBR1 increases the infection
level in Mv1Lu cells. Wild-type (WT) Mv1Lu cells and R4.2 clone cells (bearing
a mutated TBR1 gene) were transfected with pMEP4 carrying wild-type TBR1 or
mutant receptors JD1, JM2, and JM3 and incubated in the presence or absence
of 100 M ZnCl, for 4 h prior to infection. Infection with Silvio strain trypo-
mastigotes was carried out as described in Materials and Methods. Cells con-
taining at least two amastigotes were scored as infected. At least 300 cells were
counted per well. Each bar represents the mean of triplicate wells + the standard
error of the mean. This graph is representative of eight experiments with similar
results.

lines expressing mutant TBR1, TGF-B had very little effect on
the infection level, either in terms of the percentage of cells
infected (Fig. 2A) or in terms of parasite replication (Fig. 2B).
The ability of TGF-B to enhance infection is therefore closely
associated with the stimulation of growth arrest.

To determine the role of signaling events downstream of the
TGF-B1 receptor in T. cruzi infection, we employed Mv1Lu
cells expressing two different mutant SMAD2 proteins,
SMAD2SA and SMAD2SD, and SMAD7. SMAD2SA and
SMADY7 are dominant negative inhibitors of TGF-f signaling,
while SMAD2SD is constitutively active (13, 19). Like wild-
type cells, MvlLu cells transfected with the plasmid pMEP4
alone showed similar levels of infection in the presence and
absence of zinc (Fig. 3). In cells expressing SMAD2D, how-
ever, infection levels were significantly enhanced (P < 0.01).
The activation of signaling in this case mimicked the effect of
addition of exogenous TGF-B1. Interestingly, expression of
either SMAD2SA or SMAD?7 did not alter infection. The two
cell lines showed levels of infection similar to that of the
control cells transfected with pMEP4 alone, and addition of
zinc had no effect. Neither the number of cells infected nor the
number of parasites per cell (i.e., parasite replication) was
affected by the ectopic expression of SMAD2SA and SMAD7,
suggesting that the SMAD pathway has no direct involvement
in infection of host cells by 7. cruzi.

To determine the role of the SMAD pathway in the stimu-
lation of infection by TGF-B, cells were induced to express
SMAD2SA or SMAD?7 and then incubated with 2 ng of
TGF-B1 per ml prior to infection. In the absence of zinc,
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FIG. 2. Dose response to TGFB in Mv1Lu cells expressing wild-type and mutant TBR1. R4.2 cells (bearing mutated TBR1) were transfected with pMEP4 alone
or pMEP4 carrying TBR1, JD1, JM2, or JM3 and incubated with 100 uM ZnCl, for 4 h. Cells were incubated overnight in the presence of the indicated concentrations
of TBR1 and infected with trypomastigotes as described in Materials and Methods. Cells containing at least two amastigotes were scored as infected, and the numbers
of parasites in each infected cell were also counted. At least 300 cells were counted per well. Each point represents the mean of triplicate wells + the standard error

of the mean.

TGF-B1 pretreatment enhanced the percentage of cells in-
fected more than threefold (Fig. 4A). The effect on parasite
replication was even more dramatic (Fig. 4B). The levels of
enhancement seen in cells transfected with pMEP4 containing
the SMAD2SA or SMAD7 gene were similar to those in con-
trol cells transfected with pMEP4 alone. When zinc was added
to induce expression of either SMAD2SA or SMAD7, the
enhancement of infection by TGF-B was partially, but not
completely, blocked (P < 0.01). This shows that the SMAD
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pathway is involved in the enhancement of infection by TGF-,
but it suggests that other signals may also play a role.

The results presented here point to a dual role for TGF-
signaling in 7. cruzi infection. The parasite requires receptor
expression to enter host cells, but this requirement can be
divorced from the downstream SMAD signaling pathway and
from TGF-B-induced growth arrest. It has previously been
shown that trypomastigotes can trigger expression of genes
controlled by TGF-B and that kinase-inactive TBR1 does not
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FIG. 3. Infection in cells expressing mutant SMAD2 or SMAD7. MvlLu cells transfected with an empty vector (pMEP4) or a vector carrying SMAD2SD,
SMAD2SA, or SMAD7 were incubated for 6 h in the presence or absence of 100 uM ZnCl, and then infected with trypomastigotes. At least 400 cells were counted
per well. Each bar represents the mean of triplicate wells + the standard error of the mean.
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FIG. 4. Expression of SMAD2SA and SMAD7 partially blocks the enhancement of infection by TGF-B1. Mv1Lu cells transfected with an empty vector (pMEP4)
or a vector carrying SMAD2SA or SMAD7 were incubated for 4 h in the presence or absence of 100 wM ZnCl,, and then 2 ng of TGF-B1 per ml was added with or
without ZnCl,. The cells were incubated overnight and then infected with trypomastigotes as described in Materials and Methods. At least 300 cells were counted per
well. Each bar represents the mean of triplicate wells + the standard error of the mean.

support infection (10), but in apparent contradiction, the ma-
jor downstream signals induced by TGF-B do not seem to be
very important in invasion. However, TBR expression is re-
quired for trypomastigote entry into the host cell, rather than
long-term establishment of infection (10). Invasion is a rapid
process, taking only a few minutes. Changes in gene expres-
sion, while they may have an impact on parasite growth within
the host cell, are unlikely to contribute to parasite entry. It is
more likely that other yet-to-be-determined signals are in-
volved as well in 7. cruzi invasion. TGF-B has been shown to
activate the GTPase Ras (25), which is required for control of
transcription but not for growth arrest (24). TGF-B also acti-
vates the Rho family GTPases (3, 11, 24), which control cell
shape and motility (5). Other pathways stimulated by TGF-B
include activation of kinases such as TAK1 (23), SAPK (3),
and Erk1 (11). These are early events in TGF-f signaling that
may control infection. Other events, such as receptor clustering
and association with cytoplasmic proteins, could also be im-
portant.

The role of TGF-B itself in infection by 7. cruzi is quite
distinct from the requirement for the TBR. The enhancement
of infection is a long-term effect, closely associated with growth
arrest and at least partially dependent on the SMAD signaling
pathway. Previous work suggested that growth arrest per se is
not sufficient to enhance infection (10). The effect of TGF-3
may therefore depend on alterations in expression of specific
genes during TGF-B-induced growth arrest, rather than the
growth arrest itself. Although the role of exogenously added
TGF-B is distinct from the role of parasite-induced receptor
activation, the ability of TGF-B to enhance infection is highly
relevant to parasite survival in vivo. TGF-B-producing cells are
abundant in heart lesions of mice infected with T. cruzi (26).
Infection of macrophages induces TGF-B expression, which in

turn reduces the ability of gamma interferon to control intra-
cellular infection (18). In addition, experimental 7. cruzi infec-
tion is exacerbated by injection of TGF-B, showing that this
cytokine is a key regulator of infection (18). The presence of
TGF-B in infected tissues serves to enhance infection directly
by increasing susceptibility to infection and indirectly by coun-
teracting the effects of antiparasitic cytokines.

The dual role for the TGF-B pathway in 7. cruzi infection
demonstrates the importance of host cell responses in parasite
survival. Identification of the specific mechanisms underlying
the two effects may reveal novel aspects of TGF- signaling
and lead to new targets for the therapy of Chagas’ disease.
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