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Abstract
The parasite Trypanosoma cruzi, which causes Chagas’ disease, differentiates in the cytosol of its
host cell and then replicates and spreads infection, processes that require the long-term survival of
the infected cells. Here, we show that in the cytosol, parasite-derived neurotrophic factor (PDNF), a
trans-sialidase that is located on the surface of T. cruzi, is both a substrate and an activator of the
serine-threonine kinase Akt, an antiapoptotic molecule. PDNF increases the expression of the gene
that encodes Akt while suppressing the transcription of genes that encode proapoptotic factors.
Consequently, PDNF elicits a sustained functional response that protects host cells from apoptosis
induced by oxidative stress and the proinflammatory cytokines tumor necrosis factor–α and
transforming growth factor–β. Given that PDNF also activates Akt by binding to the neurotrophic
surface receptor TrkA, we propose that this protein activates survival signaling both at the cell
surface, by acting as a receptor-binding ligand, and inside cells, by acting as a scaffolding adaptor
protein downstream of the receptor.

INTRODUCTION
Chagas’ disease can afflict patients for many years or even decades and commonly starts when
the obligate intracellular parasite Trypanosoma cruzi gains access to cells in the skin or in the
mucosa after release from reduviid insect excreta. T. cruzi binds to receptors on the surface of
host cells, which leads to its internalization in phagolysomes. It then escapes to the cytosol
where it differentiates, replicates, grows, and spreads the infection to neighboring cells through
the extracellular matrix and to distant cells through the circulation (1,2). T. cruzi also uses the
cell cytosol as reservoir, as exemplified by the infection of adipose tissue in the murine model
of Chagas’ disease (3). The crosstalk between T. cruzi and components of the host cytosol is
critical for survival of the parasite and the dissemination and maintenance of infection in
mammalian hosts; however, the molecular basis underlying the interaction of the parasite with
the intracellular milieu remains largely unexplored. For example, little, if anything, is known
about why cells stay alive for so long while harboring a large number of trypanosomes that
require space, nutrients, and other host-cell factors for proper intracellular parasitism.

We have shown that the glycosylphosphatidylinositol (GPI)–anchored parasite-derived
neurotrophic factor (PDNF) of T. cruzi, known mostly for its neuraminidase (4) and
sialyltransferase (5) activities, binds to the receptor tyrosine kinases TrkA and TrkC (6,7).
These receptors are typically activated after engagement with the neurotrophins nerve growth
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factor (NGF) and neurotrophin-3 (NT-3) during development and the repair of the nervous
system (8). Neurotrophin–Trk receptor interactions activate downstream signaling cascades,
including the phosphatidylinositol 3-kinase (PI3K)–Akt kinase pathway, which enhances cell
survival, proliferation, and size, as well as protein synthesis, response to nutrient availability,
and other activities that are important for cellular survival and homeostasis (9,10).
Underscoring its mimicry of neurotrophins, the binding of PDNF to TrkA and TrkC induces
the survival and differentiation of neurons and Schwann cells (6,7,11). Uniquely, the
recognition of TrkA by T. cruzi promotes cellular invasion (12). These actions require the
activation of downstream signaling pathways, including the PI3K-Akt kinase pathway (6,7).
It is thought that the activation of Trk-dependent PI3K-Akt signaling by T. cruzi is important
for the survival of infected cells (6,7,12). The interactions between T. cruzi and Trks and other
cell surface receptors last for only minutes and, thus, cannot solely account for the protection
against the damaging events that result from long-lasting intracellular parasitism. However,
host cell defense must be an important factor that enables T. cruzi to establish chronic infection
despite a strong immune response to the parasite (13).

PDNF is anchored to the surface of T. cruzi by a GPI linkage (14) and shed into the environment,
including the cell cytosol (14–17), so that cytoplasmic PDNF is readily available to interact
with Akt and other cytoplasmic signaling factors. Here, we show that Akt phosphorylates
PDNF, which in turn activates Akt, increases the expression of the gene that encodes Akt, and
inhibits the expression of genes that encode proapoptotic proteins. Consequently, T. cruzi–
infected and PDNF-transfected cells strongly resist the potent proapoptotic stimuli tumor
necrosis factor–α (TNF-α) and transforming growth factor–β (TGF-β) and oxidative stress
induced by hydrogen peroxide (H2O2). PDNF and activated Akt are most abundant late in the
T. cruzi intracellular cycle, when the parasite burden is maximal. Thus, the targeting of Akt by
T. cruzi could be an important mechanism that underlies the long-term survival of infected
cells.

RESULTS
PDNF is a substrate of the Ser-Thr kinase Akt

We used a combination of bioinformatics, immunochemistry, intracellular colocalization
microscopy, and in vitro enzymatic approaches to address the question of whether PDNF is a
substrate of the Ser-Thr kinase Akt [also known as protein kinase B (PKB)]. The optimum Akt
phosphorylation motif is R-X-R-X-X-S/T-B, where X and B represent any amino acid residue
and bulky hydrophobic residues, respectively, and S or T represent the phosphorylation targets
serine and threonine, respectively (18). Scanning the PDNF clone 19Y, which consists of an
N-terminal region of 632 amino acid residues that contains the trans-sialidase catalytic domain
and a C-terminal region composed of a tandem repeat unit of 12 amino acid residues (Asp-Ser-
Ser-Ala-Asn-Gly-Thr-Pro-Ser-Thr-Pro-Ala) (19,20), the motif-searching program Scansite
(http://scansite.mit.edu) (21) predicted the presence of five sites that could be phosphorylated
by Akt (Thr17, Ser91, Ser123, Thr304, andThr597) (Fig. 1A and table S1) (20). The Thr17- and
Ser91-containing motifs have a β-turn and are located on the surface of PDNF (Fig. 1A, right)
(22). Thus, the phosphorylation motifs of PDNF should be readily accessible to Akt if it were
to interact with T. cruzi.

A physical interaction between PDNF and Akt was demonstrated by coimmunoprecipitation
(IP) assays. We infected Schwann cells with T. cruzi for 2 hours, removed parasites from the
medium overlay by washing, and cultured the cells for 4 days to allow intracellular parasites
to differentiate, grow, and multiply. Lysates of uninfected and infected Schwann cells were
immunoprecipitated with the monoclonal antibody (mAb) TCN-2, which is specific for the C-
terminal tandem repeat unit of PDNF (Fig. 1A) (23), and Western blots of these
immunoprecipitates were incubated with PDNF-and Akt-specific antibodies. The results
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showed that TCN-2 coimmunoprecipitated PDNF and Akt from the lysates of T. cruzi–infected
human Schwann cells, but not from uninfected Schwann cells (Fig. 1B).

In addition, immunoprecipitated PDNF was detected with an antibody that was specific for
degenerate phosphopeptides of the sequence R-X-R-X-X-pT/S and thus could detect
phosphorylated substrates of Akt (21,24) (Fig. 1C). Converse immunoprecipitation assays
showed that proteins coimmunoprecipitated by the antibody specific for phosphorylated
substrates of Akt were readily detected with the PDNF-specific antibody TCN-2 (Fig. 1C,
middle) and migrated in SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gels similarly
to PDNF(Fig. 1C, right). Thus, it seemed that Akt phosphorylated PDNF in T. cruzi–infected
Schwann cells, a conclusion consistent with fluorescence microscopy analysis that showed a
profound increase in the amount of Akt-phosphorylated substrate in Schwann cells that bore
cytosolic parasites (Fig. 1D), which colocalized with PDNF on the surface of intracellular T.
cruzi trypomastigotes (Fig. 1D, inset, right panel).

To provide further evidence that the phosphorylation of PDNF depended on host Akt, T.
cruzi–infected Schwann cells were treated with LY294002, a pharmacological inhibitor of
PI3K, which phosphorylates and activates Akt (10), and with Akti VIII, a specific allosteric
inhibitor of Akt that prevents the phosphorylation of Akt at Ser473 and Thr308, which are critical
for the activation of Akt (25). Lysates of treated cells were assayed for phosphorylated Akt
(pAkt) and, after immunoprecipitation with a PDNF-specific antibody, for the presence of Akt-
phosphorylated substrates. The inhibition of the phosphorylation of PDNF corresponded with
a reduction in abundance of activated Akt (Fig. 2A). The block in the formation of phospho-
PDNF was specific, because inhibitors of the activation of Akt did not affect the expression of
unphosphorylated PDNF(Fig. 2A). The conclusion that PDNF was a substrate of Akt was
further reinforced by in vitro kinase assays. Mixing unphosphorylated recombinant PDNF
isolated from Escherichia coli [bacterial PDNF (bPDNF)] (26) with purified, activated Akt
generated phosphorylated PDNF in vitro in a dose-dependent and ATP-dependent manner (Fig.
2B).

The activation of Akt in T. cruzi–infected Schwann cells is developmentally regulated
To determine whether intracellular T. cruzi activated Akt, we examined lysates of uninfected
and 4- to 5-day–infected Schwann cells by Western blotting with antibodies specific for Akt
phosphorylated at Ser473, a marker of the activation of Akt (10), in parallel with antibodies
specific for Akt and phosphorylated substrates of Akt. These experiments showed that pAkt
increased by sixfold in T. cruzi–infected cells compared to that in uninfected cells (Fig. 3A),
which indicated the robust activation of Akt in infected cells. This was accompanied by a
substantial increase in the formation of phosphorylated substrates of Akt (Fig. 3A, lower panel),
which indicated that the activated Akt was functional.

Because Schwann cells were filled with T. cruzi 4 to 5 days postinfection (PI), the observed
increase in the abundance of pAkt could be an artifact caused by a cross-reaction of the Akt-
specific antibodies with an Akt-like enzyme from T. cruzi. However, this possibility could be
excluded because the antibodies specific for Akt and for pAkt did not react with purified T.
cruzi trypomastigotes (Fig. 3A). In contrast, the antibody specific for phosphorylated substrates
of Akt bound to the purified parasites (Fig. 3A). This finding further confirmed that Akt
phosphorylated T. cruzi and that the parasites bore Akt-phosphorylated substrates such as
PDNF–trans-sialidase.

To determine whether the activation of Akt by T. cruzi was developmentally regulated, we
incubated lysates of Schwann cells infected with T. cruzi for 3, 4, or 5 days with antibodies
specific for PDNF, activated Akt, and total Akt and assayed them for trans-sialidase enzymatic
activity, a widely-studied property of PDNF (5). Confirming earlier results (4,16), we found

Chuenkova and PereiraPerrin Page 3

Sci Signal. Author manuscript; available in PMC 2010 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that the production of PDNF, as determined by Western blotting and trans-sialidase activity
assays, increased with the progression of infection (Fig. 3, B and C). This increase correlated
with the formation of pAkt, which was 10-fold more abundant in cells 4 days PI than in
uninfected cells (Fig. 3B).

Cytosolic PDNF activates Akt, increases expression of the gene encoding Akt, and inhibits
the expression of genes encoding proapoptotic factors

To validate the Akt-dependent phosphorylation of PDNF, we subcloned the full-length
complementary DNA (cDNA) of the gene encoding PDNF into the mammalian pIRES2-
DsRed-Express bicistronic expression vector. Schwann cells were then transfected either with
empty vector or with the plasmid containing the PDNF gene. Schwann cell–expressed PDNF
caused a five-fold increase in the abundance of pAkt (Ser473) and a six-fold increase in the
abundance of pAkt (Thr308) compared to that in control transfected cells (Fig. 4A and inset),
confirming that the increased activation of Akt in T. cruzi–infected cells was, at least in part,
triggered by PDNF. The increase in the activation of Akt was not caused by leakage of PDNF
into the culture supernatants (Fig. 4B), which otherwise might activate Akt through its binding
to TrkC receptors on the surface of Schwann cells. The expression of PDNF in transfected
Schwann cells was comparable to that in T. cruzi–infected cells (4 days PI), as determined by
measurement of the intrinsic trans-sialidase activity of PDNF (Fig. 4B). Furthermore,
precipitation of PDNF from the lysates of PDNF-expressing Schwann cells with the mAb
TCN-2 and examination of the immunoprecipitates for the presence of phosphorylated
substrates of Akt corroborated the results from the T. cruzi–infected Schwann cells, namely,
that the detection of phosphorylated PDNF with the antibody specific for phosphorylated
substrates of Akt was dependent on Akt, because the specific Akt inhibitor VIII substantially
decreased the extent of the phosphorylation of PDNF (Fig. 4C).

In addition to the enhanced activation of Akt, we found that cytosolic PDNF increased the
expression of the gene encoding Akt in Schwann cells as determined by cDNA microarray and
real-time polymerase chain reaction (PCR) assays. The results showed that the messenger RNA
(mRNA) for isoform 3 of Akt (Akt3) was ~3-fold more abundant in Schwann cells expressing
PDNF than in control cells, whereas the expression of the mRNAs for other protein kinases
were unaltered (Fig. 5A). In contrast, mRNAs for the proapoptotic proteins caspase-9, the
transcription factor FOXO, and the mitochondrial protein BAX were reduced in abundance by
~5.0-, ~4.0- and ~2.6-fold, respectively, in PDNF-expressing Schwann cells compared to those
in control cells (Fig. 5A). Real-time PCR confirmed the ~3-fold increased expression of the
gene encoding Akt3 in the PDNF-transfected Schwann cells compared to that in control cells.
In addition, these experiments showed an increase in the mRNA for Akt2 by ~5.0-fold (P <
0.05) in PDNF-expressing cells compared to that in control cells, but not in the Akt1 mRNA
(Fig. 5B).

Schwann cells bearing cytosolic T. cruzi or PDNF strongly resist exogenous apoptotic
stimuli

The combination of the activation of Akt, the increased expression of the gene encoding Akt,
and the decreased expression of genes encoding proapoptotic factors could represent a strategy
by T. cruzi to counter host cell damage. We tested this prediction by determining whether
infected Schwann cells or Schwann cells transfected with the PDNF-encoding plasmid resisted
the toxic action of H2O2, which causes oxidative stress and caspase-mediated apoptosis in
various cell types, including neurons (27,28). Based on the terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) assay,
we found that, after 6 hours, 100 µM H2O2 induced apoptosis in ~25% of uninfected Schwann
cells (Fig. 6A), and, after 24 hours, only half of the cells survived (Fig. 6B). In contrast to
uninfected cells, T. cruzi–bearing cells were protected against 100 µM H2O2–induced cellular
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degeneration (Fig. 6, A and B). Even at 500 µM H2O2, when almost 90% of uninfected cells
displayed apoptosis-related DNA damage, few of the T. cruzi–bearing cells showed signs of
apoptosis (fig. S1), although parasites seemed to be destroyed, possibly because they are
catalase-deficient and unable to neutralize H2O2 (29). Resistance of infected cells to oxidative
stress depended on the kinase activity of Akt because it was lost in cells treated with Akti VIII
(Fig. 6B). Similar to the infected cells, Schwann cells transfected with a plasmid encoding
PDNF were protected from H2O2-induced oxidative stress, and this survival-promoting
activity was abrogated after treatment with Akti VIII (Fig. 6C).

To determine whether the oxidative stress–resistant phenotype extended to another apoptotic
stimulus relevant to T. cruzi infection in vivo, we assessed whether intracellular PDNF
protected human Schwann cells against an immune-based cell death mechanism. The
proinflammatory cytokine TNF-α kills Schwann cells synergistically with TGF-β, an event
likely related to peripheral nervous system disorders (30). In addition, TNF-α appears to
mediate the killing of human Schwann cells by cytotoxic T cells (31). We therefore ascertained
whether the introduction of PDNF into the Schwann cell cytosol neutralized the toxicity caused
by TNF-α and TGF-β. Based on the TUNEL assay, apoptosis in control Schwann cells
increased ~14-fold in medium containing TNF-α (20 ng/ml) and TGF-β (40 ng/ml) (Fig. 7).
Introduction of PDNF into the Schwann cell cytosol rescued cells from death caused by TNF-
α and TGF-β, because only 2.5 ± 0.7% of the cells underwent apoptosis in the presence of the
two cytokines (Fig. 7). The antiapoptotic effect of intracellular PDNF was abolished by the
Akt inhibitor Akti VIII (Fig. 7), suggesting that it depended on the activation of Akt by PDNF.

DISCUSSION
Akt1, Akt2, and Akt3, originally identified as the transforming oncogenes of a murine
retrovirus (32), are critical mediators of signal transduction pathways downstream of activated
receptor tyrosine kinases (RTKs) and PI3K. Activated Akt promotes cell survival by inhibiting
the function of proapoptotic proteins, particularly Bcl-2 homology domain 3 (BH3)–only
proteins such as BAD. Once phosphorylated by Akt, BAD binds to the scaffolding adaptor
protein 14-3-3, which prevents the release of cytochrome c from mitochondria (33). In addition,
Akt inhibits the expression of genes encoding BH3-only proteins, such as the proapoptotic
cytokine Fas ligand, by phosphorylating and inactivating transcription factors such as FOXO
(34,35). Akt directly interferes with the caspase cascade by phosphorylating procaspase-9 and
rendering it inactive, thereby inhibiting the activation of effector caspases (36). Activated Akt
also promotes cell survival through crosstalk with other signaling cascades such as those
involving nuclear factor κB (NF-κB) (37) and the mitogen-activated protein kinases (MAPKs)
c-Jun N-terminal kinase (JNK) and p38 (38). Finally, the activation of Akt indirectly supports
cell survival by increasing uptake of nutrients, metabolism, and maintenance of mitochondrial
membrane potential (39).

Here, we demonstrated that Akt interacted with T. cruzi PDNF, a neuraminidase and trans-
sialidase, when either the parasite or recombinant PDNF was in the cytosol. The clue for
identifying the interaction between T. cruzi and Akt was the bioinformatics Scansite program
(21), which predicted five target sites for phosphorylation by Akt in the N-terminal region of
PDNF (Fig. 1A). These sites are located in β-hairpin loops on the surface of PDNF (Fig. 1A)
and, thus, are readily accessible for phosphorylation by Akt. Hairpin loops or reverse turns
commonly mediate specific molecular interactions such as ligand-receptor and antibody-
antigen binding (40).

Phosphorylation of PDNF was determined by a phosphorylation site readout that depended on
specific antibodies that recognized Akt-phosphorylated substrates, an extremely valuable tool
used in the past few years to identify and characterize previously unidentified substrates of Akt
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(10). Phosphorylation of PDNF by Akt was also demonstrated by an in vitro kinase assay.
Based on colocalization studies with antibodies specific for PDNF and for Akt-dependent
phospho-peptides, most substrates phosphorylated by Akt in T. cruzi–infected Schwann cells
colocalized with PDNF (Fig. 1D). However, PDNF may not be the only T. cruzi protein that
is targeted for phosphorylation by Akt, as further analysis of T. cruzi proteomics with the
Scansite program revealed at least 8 additional potential substrates of Akt, including Tc85-11,
a member of the PDNF-trans-sialidase superfamily thought to mediate T. cruzi–host cell
interactions (41) (table S2).

Akt phosphorylates PDNF of intracellular T. cruzi predominantly late in the infection cycle
(Fig. 3B), when the parasite burden is large. The generation of phosphorylated PDNF correlated
with the enhanced activation of Akt. Phosphorylation of PDNF and enhancement of the
activation of Akt was reproduced by transfecting Schwann cells with a plasmid encoding PDNF
(Fig. 4A). In addition, intracellular PDNF increased the expression of the gene encoding Akt
and inhibited transcription of at least three genes that encode proapoptotic factors (caspase-9,
the Bcl2-family member BAX, and the transcription factor FOXO) (Fig. 5). These biochemical,
enzymatic, and genetic alterations in T. cruzi–infected and PDNF-transfected cells would likely
endow the cells with several properties that promote host cell viability such as the resistance
to apoptotic stimuli that we have demonstrated here (Figs. 6 and 7).

How could intracellular PDNF activate Akt? Normally, PI3K-Akt signaling is activated when
PI3K, which resides in the cytoplasm, binds, through its regulatory p85 subunit, to either an
RTK at the cell surface or to activated adaptor molecules. As a result, PI3K localizes to the
plasma membrane, where it phosphorylates the membrane lipid phosphatidy linositol 4,5-
bisphosphate (PIP2) to produce phosphatidylinositol 3,4,5-trisphosphate (PIP3). This leads to
the activation of downstream signaling pathways that control cell growth and survival.
Integrated cascades of phosphorylation of tyrosine and serine or threonine residues play an
essential role in transducing signals through the PI3K-Akt pathway. The mechanism by which
this occurs is through the pTyr-binding domains Src homology 2 (SH2) and phosphotyrosine
binding (PTB) (42), and, although less well-studied, through pSer- and pThr-binding motifs
(43). Phosphorylation on serine or threonine residues, initially discovered as a way to
allosterically regulate catalytic activity, can also create sites for pSer- or pThr-binding signaling
molecules, which result in their recruitment to signaling complexes. Such molecules currently
include 14-3-3 proteins, WW domains, forkhead-associated regions, WD40 repeats, and Polo
box domains (43,44). In particular 14-3-3 proteins are implicated in the regulation of cell cycle,
apoptosis, and activation of the Raf-MAPK pathway (43) and in PI3K-Akt signaling and cell
survival (45). Proteins that bind to motifs that contain pSer or pThr sites generally recognize
sequences that overlap with sites phosphorylated by Akt (46) and thus can potentially complex
with PDNF through its pSer- and pThr-containing motifs. On the other hand, the C-terminal
proline-rich region (PRR) of PDNF contains multiple PxxP repeats (P, proline; x, any aliphatic
residue) (Fig. 1A), which suggest a capability to interact with signaling proteins that contain
SH3 domains, such as Src and PI3K (47). For example, the polyproline motif PxxP of NS1,
an influenza A virus protein, is essential for its binding to the p85β subunit of PI3K and the
activation of the PI3K-Akt pathway in response to viral infection (48).

The biological functions of PDNF are mostly studied in the context of its sialic acid–binding
properties (5,49), largely because these studies are focused on the neuraminidase (4) and
sialyltransferase (26,50,51) activities of the protein. However, PDNF has also intrinsic
neurotrophic properties (11) that result from its binding to the neurotrophin receptors TrkA
and TrkC (6,7),which do not require its neuraminidase or trans-sialidase activities (11,52). The
interaction of T. cruzi with TrkA drives the invasion of neuronal and nonneuronal cells (12).
Also independent of trans-sialidase activity is the promotion of the survival of endothelial cells
through as yet unknown receptors (53).
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The neuraminidase and trans-sialidase activities of PDNF require substrates (sialyl and
galactosyl residues) that are available only in the extracellular environment. These extracellular
actions of T. cruzi PDNF are short-lived because they occur when T. cruzi is establishing its
long-term intracellular habitat. Therefore, it was most surprising to find that PDNF interacted
with a signaling protein (Akt) located in the cell cytosol where sialo-glycoconjugates, the
substrates of neuraminidase–trans-sialidase, are absent.

In summary, the results presented here are consistent with T. cruzi, through PDNF, interacting
with and activating Akt signaling while residing in the cytosol of infected cells. Activation was
sustained (lasted days) and was most prominent late in the infection cycle when parasite burden
was maximal, a time when the intracellular niche of T. cruzi needs the most protection. In
addition, T. cruzi activates Akt, albeit transiently, at the port of entry of the cell habitat, when
it binds to the NGF receptor TrkA to invade cells (9,11). Collectively, these findings
characterize a parasite effector protein with a unique dual activity to modulate host signaling
responses during infection, and present a previously undescribed paradigm for the interaction
of a pathogen with its host.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM), penicillin-streptomycin stock, fetal calf
serum (FCS), and G418 were from GIBCO; DAPI (4′,6-diamidino-2-phenylindole), and
LY294002 were from Sigma, and the Akt inhibitor Akti VIII was from EMD Chemicals.
Antibodies against pAkt (Ser473 and Thr308), Akt, and phosphorylated substrates of Akt were
from Cell Signaling Technology. The PDNF-specific mAB TCN-2 (T. cruzi neuraminidase
monoclonal antibody-2) was isolated as described earlier (23). Alexa-conjugated secondary
antibodies against mouse and against rabbit were from Molecular Probes and the horseradish
peroxidase (HRP)–conjugated secondary antibody was from Chemicon. The ECL kit was
purchased from PerkinElmer. The antiprotease cocktail was from Roche Molecular
Biochemicals. Recombinant, full-length PDNF cDNA (clone 19Y) was expressed in E. coli
and purified by affinity chromatography, and the trans-sialidase activity assay was performed
as described before (26).

Cell culture and infections with T. cruzi
Immortalized human Schwann cells (54) were maintained in DMEM supplemented with 10%
FCS and penicillin-streptomycin at 37°C in 5% CO2. Infections were performed with T.
cruzi trypomastigotes (Silvio strain) at 2 × 105 parasites per milliliter or at a parasite-to-cell
ratio of 50:1. After 2 or 3 hours, monolayers were washed to remove unattached parasites, and
cells were then maintained in medium containing 2% FCS for 3 to 5 days to complete the
intracellular infection cycle.

Cloning of TCNA and transfections
The coding region of the gene encoding PDNF (formerly T. cruzi neuraminidase, or TCNA)
was amplified from the TS19y clone (20) with the primers TCNA-F, 5′-
CCGCTCGAGATGGGTTTGGCACCCGGATCG-3′, and TCNA-R, 5′-
TCCCCGCGGTCAGAAAACTGCCATAAA (restriction sites for Xho I and Sac II are
underlined) and inserted into the pIRES2-DsRed-Express vector (Clontech). Selected
recombinant plasmids were purified with the Qiagen kit, sequenced at Tufts University Core
facility, and used for transfections. Cells were plated at 1 × 105 cells/ml in 100-mm plates 20
hours before their transfection with 10 µg of total DNA per plate with the FuGENE HD
transfection reagent (Roche Diagnostics) as recommended by the manufacturer. Transfected
cells were selected with G418 (1 mg/ml) and analyzed for the presence of PDNF by Western
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blotting and trans-sialidase activity assays (26). Schwann cells transfected with the plasmid
encoding PDNF are named Sc-PDNF cells, whereas Schwann cells transfected with empty
vector are named Sc-Red cells.

Immunoprecipitations and Western blotting
Cell monolayers were lysed with lysis buffer [20 mM tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM
Na3VO4, leupeptin (1 µg/ml), and 1 mM phenylmethylsulfonyl fluoride] on ice for 10 min,
cleared by centrifugation (12,000g for 10min at 4°C), and immunoprecipitated with an antibody
specific for Akt-phosphorylated substrate or with TCN-2 at 4°C overnight. Immunoprecipitates
were collected with protein G–Sepharose for 2 hours at 4°C, washed with lysis buffer, and
resuspended in SDS–sample buffer for SDS-PAGE and Western blotting analysis. In other
experiments, total cell lysates (30 to 50 µg of protein) were resolved by SDS-PAGE, transferred
to nitrocellulose membranes, and incubated with the relevant primary antibodies, followed by
incubation with HRP-conjugated secondary antibody, and visualization by ECL.

Immunocytochemistry
Monolayers of infected or transfected cells were fixed with 4% para-formaldehyde for 30 min
at 4°C, permeabilized in 0.2% Triton X-100, and blocked in 10% goat serum overnight at 4°
C. Cells were incubated with the appropriate primary antibody in 5% goat serum overnight at
4°C, washed in phosphate-buffered saline and incubated with Alexa Fluor 488–conjugated
secondary antibody against rabbit and Alexa Fluor 568–conjugated secondary antibody against
mouse (Molecular Probes). Cell nuclei were visualized with DAPI (250 ng/ml). Images were
analyzed by fluorescence microscopy with Spot camera software (Diagnostic Instruments).

In vitro kinase assays
Akt was purified from lysates of serum-stimulated Schwann cell with an antibody specific for
Akt and protein G–Sepharose. Isolated complexes were resuspended in kinase buffer [25 mM
tris-HCl (pH 7.5), 5 mM β-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4, 10mM
MgCl2] supplemented with 1 mM adenosine triphosphate (ATP) and PDNF isolated from a
bacterial expression system (bPDNF). After 30 min at 30°C, the kinase reaction was terminated
with SDS-Laemmli sample buffer, and samples were analyzed by Western blotting by
incubation with an antibody against Akt-phosphorylated substrates. PDNF was identified by
comparison with a Coomassie blue-stained sample of bPDNF run in parallel with the samples
for Western blotting.

Apoptosis assays
Infected Schwann cells, Sc-Red cells, and Sc-PDNF cells were treated for 24 hours with 100
to 500 µM H2O2 with or without pretreatment with the Akt inhibitor Akti VIII (10 µM), fixed,
and visualized by fluorescence microscopy after staining with DAPI and TUNEL reagents with
the In Situ Cell Death Detection kit (Roche). Cell survival was measured by MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)-based CellTiter kit (Promega).
Alternatively, Sc-Red and Sc-PDNF cells were grown for 4 days in DMEM, 1% bovine serum
albumin (BSA) with or without TNF-α (20 ng/ml) and TGF-β1 (40 ng/ml) and with or without
Akti VIII (10 µM).

cDNA array hybridizations
These analyses were performed as described previously (55,56). The concentration and quality
of total RNA isolated from Sc-Red cells and Sc-PDNF cells were estimated by
spectrophotometry (A260 nm/A280 nm of 1.9 to 2.1) and by agarose gel electrophoresis.
Hybridization and data analysis were performed by the Tufts Expression Array Core with
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cDNAs prepared from Sc-Red cells and Sc-PDNF cells labeled with aminoallyl (aa)-dUTP
Cy3 or Cy5 dye, respectively. The two differently dye-labeled cDNAs were hybridized with
the same microarray slide containing 48,500 human genes (Microarrays Inc) for 16 hours. After
washing, the slide was scanned at 550 and 649 nm for Cy3 and Cy5 dyes, respectively, in a
ScanArray 4000 scanner (PerkinElmer). Images were overlaid and analyzed with QuantArray
spot quantitation software (Packard BioChip Technologies). The ratio of both fluorescence
intensities for each spot reflected the ratio of each gene expressed in the control and treatment
samples. Local background values were subtracted from the spot intensities and filtered on the
basis of three standard deviations above background. For each gene, ratios of red (Cy5) over
green (Cy3) intensities (I) were calculated and normalized through a Lowess fit of the log2
ratios [log2(ICy5/ICy3)] over the log2 of the total intensity [log2(ICy5 + ICy3)]. Mean ratios were
calculated from the duplicate spots, and only values with a covariance (CV) b0.5 were further
taken into account. Normalized ratios that were statistically significant with a two-tailed t test
(5% level) between the dye-swap repeat and higher than 1 or lower than −1 (log2 scale) were
considered differentially expressed.

Quantitative real-time PCR
These assays were performed as described previously (57,58). In brief, RNA was isolated with
the Trizol reagent and chloroform, cDNA was synthesized from500 ng of total RNA with
Superscript III reverse transcriptase primed with random hexamers, and quantitative real-time
PCR (qPCR) reactions were performed with QuantiTect SYBR Green PCR kit (Qiagen) on an
Applied Biosystems 7300 Real-Time PCR system. Conditions for the PCR reactions were as
follows: 95°C for 15 min, followed by 50 cycles at 94°C for 15 s, 54°C for 30 s, and 72°C for
45 s, concluding with a dissociation stage to measure amplification product specificity. Primers
used to calculate Akt expression were synthesized as described previously (57). Experiments
were performed in triplicate, and fold differences were calculated by the 2−ΔΔCt method
[ΔΔCt = (Cttarget gene − Ctβ-actin)treated − (Cttarget gene − Ctβ-actin)untreated] as described
previously (58).

Data analysis
The results from the experiments were expressed as the means ± SEM. Statistical difference
was evaluated with the unpaired t test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
PDNF interacts with Akt and with an antibody against Akt-phosphorylated substrates in T.
cruzi–infected Schwann cells. (A) Putative S and T within PDNF that are targets for
phosphorylation by Akt. The N-terminal (solid line) and the C-terminal proline-rich region of
tandem 12–amino acid residue repeats (hatched line) (19,20). Below: Location of Thr17 and
Ser91 in β-turns (purple lines) in the three-dimensional structure of PDNF (amino acid residues
1 to 124) (59). (B) PDNF coimmunoprecipitates with Akt. Lysates of uninfected (Sc) or T.
cruzi–infected (Sc-Inf) Schwann cells (4 days PI) were immunoprecipitated (IP) with the
PDNF-specific mAb TCN-2, followed by Western blotting analysis (WB) with TCN-2 or an
antibody against Akt (αAkt). (C) PDNF coimmunoprecipitates with Akt-phosphorylated
substrates. Lysates of Sc cells and Sc-Inf cells immunoprecipitated with TCN-2 were incubated
with an antibody against Akt-phosphorylated substrates (left, αP-Akt sbstr) or with TCN-2
(right). The same lysates immunoprecipitated with an antibody against Akt-phosphorylated
substrates were incubated with TCN-2 (middle). (D) PDNF colocalizes with an Akt-
phosphorylated substrate in T. cruzi–infected Schwann cells. Uninfected and T. cruzi–infected
Schwann cells were incubated with an antibody against Akt-phosphorylated substrates (green),
the anti-PDNF mAb TCN-2 (red) and DAPI (blue). Inset shows two intracellular
trypomastigotes that contain Akt-phosphorylated substrate (left) and PDNF (middle); (right)
represents merged (left) and (middle). Original magnification, × 1000.
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Fig. 2.
Akt phosphorylates PDNF in T. cruzi–infected cells and in vitro. (A) Akt-dependent
phosphorylation of PDNF in infected cells. Uninfected (Sc) or T. cruzi–infected (Sc-Inf)
Schwann cells were treated with vehicle (0), with the PI3K inhibitor LY294002, or with the
Akt inhibitor Akti VIII for 24 hours before harvesting. Cells were lysed and lysates were
incubated with antibodies against pAkt (Ser473) or, after immunoprecipitation with an antibody
against PDNF (TCN-2), with antibodies specific for Akt-phosphorylated substrates (αP-Akt
sbstr). (B) Akt phosphorylates PDNF in vitro. Bacterially expressed PDNF (bPDNF) was used
as a substrate for immunopurified Akt in kinase reactions with (+) or without (−) ATP.
Phosphorylation of PDNF was analyzed with an antibody specific for Akt-phosphorylated
substrates. Cs, Coomassie blue–stained bPDNF. Identical results were obtained in at least three
experiments.
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Fig. 3.
Developmental regulation of the activation of Akt in T. cruzi–infected Schwann cells. (A)
Lysates of Schwann cells, uninfected (Sc) or infected with T. cruzi (Sc-Inf), were incubated
with antibodies specific for pAkt (Ser473), total Akt, or Akt-phosphorylated substrates (P-Akt-
sbstr). Lower graph shows the ratio of pAkt to total Akt in the blot. (B) Activation of Akt
increases with the progress of the infection. Uninfected Schwann cells (Sc) or Schwann cells
infected with T. cruzi (Sc-Inf) for 3, 4, or 5 days, were lysed and analyzed by Western blotting
with antibodies specific for PDNF (TCN-2), pAkt (Ser473) (αP-Akt), and total Akt (αAkt). The
lower bar graph shows the ratio of pAkt to total Akt for this blot. At 5 days, Schwann cells
were filled with a mixture of amastigotes and mobile trypomastigotes. (C) The trans-sialidase
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activity of PDNF increases with the progression of infection. Specific trans-sialidase activity
was determined in lysates of infected Schwann cells [same samples as in (B)].
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Fig. 4.
PDNF in the cytosol of Schwann cells activates Akt. (A) Lysates of Schwann cells transfected
with empty vector (Sc-Red) or with a plasmid encoding PDNF (Sc-PDNF) were analyzed by
Western blotting with antibodies against PDNF, pAkt (Ser473), pAkt (Thr308), and Akt. The
lower graph shows the ratio of pAkt to Akt in the lysates of Sc-Red and Sc-PDNF cells
determined by scanning densitometry of the blot. (B) Specific trans-sialidase activity of
infected and transfected Schwann cells. Specific enzyme activity in lysates of Schwann cells
infected with T. cruzi (Sc-Inf) and in lysates (L) and culture supernatants (S) of Schwann cells
transfected with plasmid encoding PDNF (Sc-PDNF) or with empty vector (Sc-Red). (C) Akt
phosphorylates PDNF in transfected cells. Schwann cells transfected with empty vector (Sc-
Red) or with a plasmid encoding PDNF (Sc-PDNF) were treated with the Akt inhibitor Akti
VIII for 24 hours before harvesting. Cell lysates were immunoprecipitated with the PDNF-
specific antibody TCN-2 and samples were then incubated with antibodies against Akt-
phosphorylated substrates (αP-Akt sbstr). All the experiments were repeated at least three times
with similar results.
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Fig. 5.
Expression of PDNF in the cytosol of Schwann cells augments transcription of the gene
encoding Akt and reduces the transcription of genes encoding proapoptotic factors. (A) Results
from microarray analyses are expressed as the ratio of signals from mRNA isolated from Sc-
PDNF cells to those of Sc-Red cells. This experiment was repeated twice with similar results.
PKA, protein kinase A; PKCβ, protein kinase Cβ; CMK2, cytidine mono-kinase 2; Tousled,
tousled kinase. (B) qPCR analysis of the expression of the genes encoding the three isoforms
of Akt in Sc-Red cells and Sc-PDNF cells. Results represent the ratio of Akt mRNA relative
to that of hypoxanthine-guanine phosphoribosyltransferase (HPRT). Results are presented as
the mean ± SD of four independent experiments. **P < 0.05.
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Fig. 6.
Schwann cells transfected with a plasmid encoding PDNF or infected with T. cruzi exhibit
Akt-dependent resistance to oxidative stress. (A) Uninfected (Sc) or T. cruzi–infected (Sc-Inf)
cells were treated with 100 µM H2O2 for 6 hours, fixed, and assessed for apoptosis by the
TUNEL assay. Cells were counterstained with DAPI to reveal cell density. Original
magnification, × 1000. (B) Infected cells were pretreated with the Akt inhibitor Akti VIII (10
µM) before treatment with 100 µM H2O2 for 24 hours. Cell survival was assessed with an
MTT-based assay; (C) Schwann cells transfected with empty vector (Sc-Red) or with a plasmid
encoding PDNF (Sc-PDNF) were treated and analyzed for cell survival as described for (B).
***P < 0.001 from three experiments.
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Fig. 7.
Schwann cells transfected with a plasmid encoding PDNF are protected from apoptosis induced
by TNF-α and TGF-β. Sc-Red and Sc-PDNF cells were left untreated or were pretreated with
the Akt inhibitor Akti VIII (10 µM), cultured for 4 days in DMEM, 1% BSA containing TNF-
α (20 ng/ml) and TGF-β1 (40 ng/ml), and analyzed for apoptosis by the TUNEL assay (as
described for Fig. 6). (A) Micrographs: original magnification, × 1000. (B) Apoptosis was
quantified as percent of the total number of cells that were TUNEL-positive as revealed by
DAPI staining. ***P < 0.001 from three experiments.
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