INFECTION AND IMMUNITY, July 2003, p. 4201-4205
0019-9567/03/$08.00+0 DOI: 10.1128/TAI.71.7.4201-4205.2003

Vol. 71, No. 7

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Transforming Growth Factor a Binds to Trypanosoma cruzi
Amastigotes To Induce Signaling and
Cellular Proliferation

A. Deloris Alexander,{ Fernando Villalta, and Maria F. Lima*
Department of Microbiology, Meharry Medical College, Nashville, Tennessee 37208

Received 27 November 2002/Returned for modification 1 April 2003/Accepted 14 April 2003

Macrophages secrete transforming growth factor o (TGF-a) to trigger proliferation of cancer cells. Here, we
report a new role for TGF-a in modulating the direct cellular proliferation of a parasitic protozoan, Trypano-
soma cruzi. Amastigotes present two classes of receptors for TGF-« with different binding affinities. '**I-TGF-«
binding was competed by an excess of cold epidermal growth factor and TGF-a but not by an irrelevant
molecule. Upon binding of TGF-a to amastigotes, the ligand is internalized, inducing trypanosome tyrosine
phosphorylation of 90- and 87-kDa proteins and increasing DNA synthesis and proliferation of amastigotes.
Furthermore, exposure of macrophages to TGF-a induced increased amastigote proliferation. These results
describe a novel mechanism used by amastigotes to regulate their proliferation mediated by a TGF-a-

dependent signal transduction pathway.

Transforming growth factor a (TGF-a) is a potent mitogen
for a wide range of cells and regulates metastasis, transforma-
tion of normal cells, chemotaxis, and acute-phase response
(20). TGF-a displays 33% homology to epidermal growth fac-
tor (EGF), binds to EGF receptor (EGFR) on mammalian
cells, activates tyrosine phosphorylation of the receptor, and
stimulates cell proliferation (20). TGF-« is produced by mac-
rophages (6, 18, 19, 23), cells that play a pivotal role in the
immunomodulation of Trypanosoma cruzi infection (15). How-
ever, the role of TGF-« in microbial infections is unknown, as
is the potential direct role that TGF-a may have on the pro-
liferation of parasitic protozoan parasites.

Chagas’ disease, or American trypanosomiasis, is a chronic
and debilitating heart and digestive tract disease that affects
millions of people, causing significant morbidity and mortality
(10, 11). The invasive trypomastigotes invade mammalian cells
and transform into amastigotes, the multiplicative form of the
parasite, which disseminate the disease (1). Despite significant
advances in the understanding of the pathogenesis of 7. cruzi
infection, very little is known about the host factors that reg-
ulate cellular proliferation of the mammalian multiplicative
forms of the parasite.

Encouraged by recent studies from our group indicating that
T. cruzi amastigotes present receptors for human EGF (5), we
hypothesized that TGF-a binds to 7. cruzi amastigotes to signal
these cells, inducing cell proliferation. Testing this hypothesis
may be important, since macrophages, the main cells infected
by T. cruzi, produce this growth factor, which may be involved
in the development of the parasite. In the present study we
demonstrate that TGF-a binds to a receptor(s) on amastigotes
and is internalized, that this binding can be competed by an
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excess of cold TGF-a and EGF, and that TGF-a enhances
tyrosine phosphorylation events, leading to DNA synthesis and
amastigote proliferation.

125].1abeled TGF-a binds to receptors on T. cruzi amasti-
gotes and is internalized, and binding is competed by excess
TGF-a and EGF. To evaluate the specificity of '*I-TGF-a
binding to amastigotes, ligand-binding analysis was conducted
with labeled TGF-a as described previously (14). Briefly, for all
experiments described in this paper, T. cruzi amastigotes re-
leased from Vero cells (American Type Culture Collection;
grown in minimum essential medium supplemented with 10%
fetal bovine serum in the presence of 100 U of penicillin/ml
and 100 pg of streptomycin/ml) were purified by differential
centrifugation on a metrizamide gradient as previously de-
scribed (21). The pure axenic amastigotes were grown in cell-
free medium supplemented with fetal bovine serum at 37°C in
5% CO, (21), extensively washed with Hanks balanced salt
solution (pH 7.2) (HBSS), and starved before exposure to
TGF-a. Binding of TGF-a to amastigotes was assessed by
adding to amastigotes (5 X 10%ml) increasing concentrations
of labeled '**I-TGF-a (NEN) in HBSS-bovine serum albumin
(BSA), HBSS-BSA alone, or HBSS-BSA containing 100-fold
excess unlabeled TGF-a to determine nonspecific binding.
Each point was done in triplicate. The tubes were incubated at
4°C for 1 h with constant shaking. Unbound radiolabeled
TGF-a was removed by washing with HBSS, and the radioac-
tivity associated with the cellular pellet was determined in a
gamma counter. Specific binding was determined by subtract-
ing nonspecific binding (determined in the presence of excess
unlabeled TGF-a from the total amount of counts). Scatchard
analysis was performed with Prism (San Diego, Calif.) soft-
ware. TGF-a binds to amastigotes in a concentration-depen-
dent manner (Fig. 1A). Binding was saturable, indicating that
amastigotes have specific receptors for this growth factor (Fig.
1A, inset). By using the Prism software, a specialized software
for binding and Scatchard analysis, we found that amastigotes
present two classes of receptors for TGF-a with high and low
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FIG. 1. "I-TGF-a binds to amastigotes, and this binding is inhibited by cold excess TGF-a and EGF. (A) TGF-« binds to amastigotes. (Inset)
Scatchard analysis of the binding data. B/F, bound/free (unbound) TGF-a. (B) Competition of '*I-TGF-a binding by TGF-«, EGF, and bovine
pituitary extract. The same concentration of amastigotes (5 X 10° parasites ml~') were preincubated with different excess amounts (0- to 100-fold)
of cold EGF and TGF-a followed by exposure to '*’I-TGF-a. Bars show means for triplicate samples of one representative experiment (= 1
standard deviation) selected from three independent experiments with similar results. *, significant difference compared to values for 0 and 1:1
cold/labeled ratios or to bovine pituitary extract values for 0 to 1:100 cold/labeled ratios (P < 0.05). The results are representative of three

independent experiments.

affinities. Amastigotes presented 2.88 X 10* receptors per cell
that bound TGF-a with a low-affinity K, of 1.25 nM and 6.72
X 10? receptors per cell that bound TGF-« with a high-affinity
K, of 0.18 wM. Preincubation of amastigotes with different
concentrations of excess (0- to 100-fold) cold EGF and TGF-«a
resulted in significant inhibition of subsequent '*’I-TGF-a
binding (Fig. 1B). Since mammalian TGF-a and EGF bind to
the same mammalian receptor, the fact that amastigotes ex-
press approximately twice the number of receptors for TGF-a
might be dependent on the state of development of the amas-
tigotes used for binding assays. Alternatively, amastigotes may
express other homologue receptors that may interact with
TGF-a with similar affinity. Furthermore, it has been docu-
mented that TGF-« binds to the human EGFR receptor with
less affinity than EGF (20). EGF was better able to compete
with TGF-a binding to amastigotes than TGF-« itself. There
was no significant reduction in binding in the presence of the
same concentrations of bovine pituitary extract, a control pep-
tide (Fig. 1B). To differentiate cell surface-bound from inter-
nalized ligand, we examined the release of '**I-TGF-a from

factor attains an intracellular location subsequent to binding to
surface receptors. All published work to date describes com-
mon receptors for TGF-a and EGF (4). No unique receptor
has been identified for TGF-a. TGF-a binds to amastigotes
with a much lower affinity (K, of 0.18 uM) than that with which
EGEF binds to the amastigote EGFR (K, of 0.8 nM) (5). This
is consistent with other reports, which demonstrate that mam-
malian EGFR binds TGF-a with a lower affinity than EGF
(20) except for chicken EGFR, which binds TGF-a and EGF
with equal affinity (12). The fact that both EGF and TGF-«
compete with radiolabeled TGF-a for binding to its receptor
on amastigotes also indicates that they bind to a common
receptor and that EGF is a better competitor for binding to the
amastigote EGFR than TGF-« itself (Fig. 1B). This is the first
report showing that TGF-a binds to receptors on trypano-

TABLE 1. '®I-labeled TGF-« is internalized by amastigotes
of T. cruzi

Radioactivity (cpm) in amastigotes washed in:

Incubation
amastigotes by acid trf':atment, using previously described temp (°C) HBSS Acid
methods (14). As shown in Table 1, when '**I-TGF-a bound to
amastigotes under conditions in which ligand-receptor com- 4 1,907 = 179 468 = 35
37 2,006 = 90 2,197 = 153

plex internalization does not occur (4°C for 1 h), it was readily
dissociated from the parasite surface. However, '*’I-TGF-a
bound to amastigotes at 37°C for 1 h was not dissociated by
acid treatment, indicating that TGF-a had attained an intra-
cellular location and was no longer susceptible to dissociation
from its receptor (Table 1). These data indicate that amasti-
gotes possess specific receptors for TGF-a and that the growth

@ Amastigote samples in triplicate (2 X 107/ml in HBSS) received 10 ng of
125I-]abeled TGF-« or HBSS alone for 1 h at 4 or 37°C. Unbound '**I-labeled
TGF-a was removed by centrifugation at 4°C. One half of the samples were
tested for dissociation of bound TGF-a by treatment with acidified NaClI solu-
tion. Each point represents the mean of triplicate determinations * 1 standard
deviation. Differences between values for cells with and without acid treatment
at 4°C were statistically significant (P < 0.05). Data are from a set of represen-
tative experiments of three performed with similar results.
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FIG. 2. TGF-a induces tyrosine phosphorylation of amastigote
proteins. Amastigotes (5 X 10° organisms) were incubated with TGF-a
(2 ng/ml) for 5, 15, and 30 min at 4°C. Lysate samples (10 pg) were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, blotted onto nitrocellulose, probed with antiphosphotyrosine
monoclonal antibody PY20, and developed by chemiluminescence.
Control parasites did not receive any growth factor. Blots were
stripped, probed with anti-B-actin antibodies, and developed by chemi-
luminescence as a loading control. Results are from a representative
experiment of three performed independently with similar results.
Arrows point to enhanced protein tyrosine phosphorylation induced by
TGF-a with respect to controls in the absence of growth factor treat-
ment.

somes or on any other parasite. Furthermore, TGF-a binds to
multiplicative amastigotes but not to nonmultiplicative but in-
vasive trypomastigotes (results not shown).

TGF-a induces tyrosine phosphorylation of 7. cruzi amas-
tigote proteins. Exposure of 7. cruzi amastigotes to 2 ng of
TGF-a per ml for 5, 15, and 30 min induced significant tyrosine
phosphorylation, in a time-dependent manner, of two amasti-
gote proteins of 87 and 97 kDa (Fig. 2). The enhancement of
tyrosine phosphorylation of the 87-kDa protein of amastigotes
can be seen as early as 5 min and continues at 15 and 30 min,
whereas the enhancement of tyrosine phosphorylation of the
97-kDa protein of amastigotes peaks at 5 min and then de-
creases over the 30-min exposure. The 87- and 97-kDa proteins
are surface proteins. This was shown by exposing live biotinyl-
ated amastigotes to EGF and TGF-a. Lysates were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
blotted on nitrocellulose membranes, and probed with an-
tiphosphotyrosine antibodies. The blots were then stripped and
probed with avidin-conjugated horseradish peroxidase and de-
veloped by enhanced chemiluminescence. These results indi-
cated that EGF and TGF-a induced tyrosine phosphorylation
of surface 87- and 97-kDa proteins (data not shown). The
concentration of 2 ng/ml was chosen because treatment of
amastigotes with different concentrations of TGF-« indicated
that the tyrosine phosphorylation effect induced by this growth
factor is concentration dependent and 2 ng of TGF-a per ml
induced optimal (highest) phosphorylation (data not shown).
Growth factor binding to the EGFR in mammalian cells in-
duces tyrosine phosphorylation (22), including autophosphor-
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ylation. Stripping the blots and probing with anti-B-actin indi-
cated equal loading amounts of amastigote proteins in these
blots (Fig. 2). The fact that TGF-« induced tyrosine phosphor-
ylation that was time and concentration dependent is consis-
tent with published reports which identify 2 ng/ml as the phys-
iological concentration of TGF-a in mammalian systems (7)
and 15 to 30 min as the amount of time the ligand-bound
EGFR remains on the cell surface before undergoing receptor-
mediated endocytosis (2). These proteins could be any of a
number of proteins in the EGFR signal transduction pathway,
including a putative parasite EGFR.

TGF-a increases DNA synthesis and amastigote growth in
cell-free medium and within macrophages. Addition of differ-
ent concentrations of TGF-a to pure amastigotes grown in
ML-15 axenic medium in the absence of host cells (20) induced
increases in the incorporation of [*H]thymidine into DNA
(Fig. 3A), indicating that amastigote DNA synthesis was in-
creased by exposure to the growth factor. The increase in DNA
synthesis was optimal at 2 ng/ml and was accompanied by a
TGF-a-induced increase in the growth of amastigotes over
time, as shown in Fig. 3B. Controls were MCF-7 breast cancer
cells (American Type Culture Collection) treated with 2 ng of
TGF-a per ml or mock treated for 24 and 48 h; TGF-«a is
mitogenic for MCF-7 cells, as observed by significant increases
in [*H]thymidine incorporation (results not shown). These re-
sults are in agreement with previous findings obtained with
MCEF-7 cells exposed to TGF-a (9). Pretreatment of starved
amastigotes with AG178 (10 uM), a specific EGFR inhibitor
(3), in the presence of 2 ng of TGF-a per ml in ML-15 medium
at 24, 48, and 96 h significantly inhibited amastigote multipli-
cation with respect to control values up to 79% = 2.1% (24 h),
87.2% =+ 3.1% (48 h), and 98.3% = 3.5% (96 h). The growth
inhibition seen is time dependent. The concentration of
AG178 used was not toxic for amastigotes, since it did not
affect amastigote morphology and typical in situ vibrational
motion of amastigotes (21) with respect to mock-treated amas-
tigotes. This indicates that the proliferation induced by TGF-a
in amastigotes is TGF-a specific and is mediated by the recep-
tor. Furthermore, as shown in Fig. 3C, exposure of unelicited
CBA/J mouse peritoneal macrophages (13) to 2 ng of TGF-a
per ml and 7. cruzi trypomastigotes as described previously
(13) induced a significant increase in amastigote replication at
48 h compared to mock-treated macrophages. The major
downstream effect of TGF-o/EGF activation of the EGFR is
proliferation of mammalian cells (22). Taken together, these
results show that TGF-a induces increases in the growth of
amastigotes in cell-free media and in macrophages (Fig. 3),
indicating that this host growth factor is mitogenic for
amastigotes.

The fact that TGF-« is directly involved in signaling and
growth of amastigotes suggests that this growth factor modu-
lates the pathogenesis of 7. cruzi in mammalian cells. Amasti-
gotes could come into contact with TGF-a after it is endocy-
tosed by macrophages, since TGF-a is not immediately
degraded by lysosomes (16). It may therefore be available for
binding to intracellular amastigotes. This is being investigated
by our group. T. cruzi amastigotes have been shown to use
host-specific proteins for interacting with cells (8, 17) and sur-
viving in mammalian cells (5, 13, 14). This work contributes to
the list of host proteins that amastigotes bind to via specific
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FIG. 3. TGF-a stimulates DNA synthesis and proliferation of 7. cruzi amastigotes in cell-free medium and within macrophages. (A) Incor-
poration of [*H]thymidine into amastigote DNA. Overnight-starved amastigotes (3 X 10° organisms/ml) in RPMI with 1% BSA were incubated
at 37°C with different concentrations of TGF-a and 1 wCi of [*H]thymidine. After 24 h, the organisms were harvested and the incorporation of
[>H]thymidine was determined by measuring acid-insoluble radioactivity. (B) Amastigote proliferation in cell-free medium. Overnight-starved
amastigotes (3 X 10° organisms/ml) were incubated at 37°C in ML-15 medium alone (open bars) or in ML-15 medium containing 2 ng of TGF-a
per ml (closed bars). The number of organisms was determined at 24-h intervals. (C) Amastigote proliferation within macrophages. Unelicited
CBA/J mouse peritoneal macrophages were cultured with 2 ng of TGF-a per ml and trypomastigotes at a ratio of five parasites per macrophage.
Parasite uptake was measured at 2 h and parasite multiplication was measured at 48 h as previously described (13). Bars represent the mean of
triplicate samples of one representative experiment (*+ 1 standard deviation) selected from three independent experiments with similar results. *,

significant difference compared to values at 0 and 2 h (P < 0.05).

receptors, such as fibronectin (17), lactoferrin (13), transferrin
(14), mannose binding protein (8), and EGF (5). Since TGF-a
is produced by macrophages, which are the main cells involved
in host defense against the parasite in the mammalian host
(14), we suggest that this may be an effective mechanism to
subvert host defenses against 7. cruzi for parasite survival in
the mammalian host. In summary, we describe a novel mech-
anism used by 7. cruzi amastigotes to regulate their prolifera-
tion mediated by a TGF-a-dependent signal transduction path-
way.
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