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Abstract

The developmentally arrested infective larva of hookworms encounters a host-specific signal
during invasion that initiates the resumption of suspended developmental pathways. The
resumption of development during infection is analogous to recovery from the facultative arrested
dauer stage in the free-living nematode Caenorhabditis elegans. Infective larvae of the canine
hookworm Ancylostoma caninum resume feeding and secrete molecules important for infection
when exposed to a host mimicking signal in vitro. This activation process is a model for the initial
steps of the infective process. Dauer recovery requires protein synthesis, but not RNA synthesis in
C. elegans. To determine the role of RNA and protein synthesis in hookworm infection, inhibitors
of RNA and protein synthesis were tested for their effect on feeding and secretion by A. caninum
infective larvae. The RNA synthesis inhibitors a-amanitin and actinomycin D inhibit feeding dose-
dependently, with 1Cgq values of 30 and 8 UM, respectively. The protein synthesis inhibitors
puromycin (ICsg =110 uM), cycloheximide (ICsq =50 uM), and anisomycin (ICgg =200 uM) also
displayed dose-dependent inhibition of larval feeding. Significant inhibition of feeding by a-
amanitin and anisomycin occurred when the inhibitors were added before 12 h of the activation
process, but not if the inhibitors were added after 12 h. None of the RNA or protein synthesis
inhibitors prevented secretion of the activation-associated protein ASP-1, despite nearly complete
inhibition of feeding. The results indicate that unlike dauer recovery in C. elegans, de novo gene
expression is required for hookworm larval activation, and the critical genes are expressed within
12 h of exposure to activating stimuli. However, secretion of infection-associated proteins is
independent of gene expression, indicating that the proteins are pre-synthesized and stored for
rapid release during the initial stages of infection. The genes that are inhibited represent a subset
of those required for the transition to parasitism, and therefore represent interesting targets for
further investigation. Furthermore, while dauer recovery provides a useful model for hookworm
infection, the differences identified here highlight the importance of exercising caution before
making generalizations about parasitic nematodes based on C. elegans biology.
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1. Introduction

During invasion of its definitive host, the developmentally arrested third-stage infective
larva (L3) of parasitic nematodes encounters a host-specific signal that re-initiates
suspended developmental pathways. This “activation” process results in the expression of a
parasitic gene set (Petronijevic and Rogers, 1983; Rogers and Petronijevic, 1982) encoding
proteins necessary for parasitism, and culminates with the development of the mature adult
reproductive stages. This process is analogous to the recovery from the developmentally
arrested dauer state of Caenorhabditis elegans and other free-living nematodes (Hawdon
and Schad, 1991a; Hotez et al., 1993; Rogers and Sommerville, 1963) Following exposure
to permissive conditions, dauer larvae resume feeding and pharyngeal pumping, molt to the
L4 stage, and resume longitudinal growth (Cassada and Russell, 1975). These
morphological changes are accompanied by changes in gene expression (Halaschek-Wiener
et al., 2005; Jones et al., 2001; Wang and Kim, 2003). In the hookworm Ancylostoma
caninum, L3 exposed to host-like signals undergo partial activation, as indicated by the
resumption of feeding, the release of infection associated molecules (Hawdon et al., 1995;
Hawdon et al., 1999; Hawdon and Schad, 1990, , 1992; Zhan et al., 1999), and changes in
gene expression (Datu et al., 2009). Hookworm L3 activation, as well as dauer recovery in
C. elegans, is mediated by cGMP and insulin-like signaling (Brand and Hawdon, 2004; Gao
et al., 2009; Hawdon and Datu, 2003; Kiss et al., 2009), indicating a conservation of this
activation pathway between the species, and suggests that dauer recovery may be a useful
model for hookworm activation (Hawdon and Hotez, 1996; Hawdon and Schad, 1991a).

Dauer recovery requires protein synthesis, as incubation of dauer larvae with cyclohexamide
prevents recovery in response to permissive conditions (Reape and Burnell, 1991b).
However, incubation of dauer larvae with mRNA synthesis inhibitors had no effect on
pharyngeal pumping or growth during early recovery, suggesting neither mRNA synthesis
nor new gene expression is required for the initial stages exit from the dauer stage (Reape
and Burnell, 1991a). Because of the parallels between dauer recovery and hookworm L3
activation, we hypothesized that protein synthesis, but not mMRNA synthesis, would be
required for hookworm L3 activation. Surprisingly we found that both mRNA and proteins
synthesis are required for activation of hookworm L3. However, neither inhibitor affected
secretion of an activation-associated protein. Our data indicate that some molecular
processes involved in resumption of development during hookworm infection differ
significantly from C. elegans dauer recovery, and that feeding and secretion during
activation are independent and separable processes.

2. Materials and Methods

2.1. Parasites

A Baltimore strain of A. caninum (US National Parasite Collection No. 100655.00) was
maintained in previously hookworm free beagles as described (Schad, 1982). Dogs were
housed and treated according to a protocol approved by the George Washington University
Institutional Care and Use Committee. Infective L3 were recovered from charcoal
coproculture by a modified Baermann technique and stored for periods up to 3 weeks in
buffer BU (50 MM NayHPO4/22 mM KHoPO4/70 mM NaCl, pH 6.8 (Hawdon and Schad,
1991b) at 22°C until used for activation studies.
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2.2. In vitro activation of L3

Ancylostoma caninum L3 were activated by incubation under host-like conditions as
described previously (Hawdon et al., 1999). Briefly, L3 collected from coprocultures were
decontaminated with 1% HCI in BU buffer for 30 min at 22 C. Approximately 250 L3 were
incubated at 37 C, 5% CO, for 24 h in 0.1 ml RPMIg4q tissue culture medium
supplemented with 25 mM HEPES pH 7.0, and antibiotics (RPMI-c) (Hawdon and Schad,
1990) in individual wells of 96-well microtiter plates. L3 were stimulated by inclusion of
15% (v/v) of a <10 kD ultrafiltrate of canine serum and 25 mM S-methyl-glutathione (GSM;
Sigma, St. Louis, MO) dissolved in RPMI-c (Hawdon et al., 1995). Non-activated L3 were
incubated in RPMI without the stimuli. Protein and mRNA synthesis inhibitors were
obtained from Sigma and dissolved in RPMI-c (puromycin, a-amanitin), ethanol
(cycloheximide) or methanol (anisomycin, actinomycin-D) to make stock solutions. Stocks
were diluted with RPMI-c to the indicated concentrations in the incubations. Control
incubations included ethanol or methanol at the highest concentration used in the
experiment, and never exceeded 1.0%. Treatments were done in triplicate, and the
percentage of feeding L3 was determined as described (Hawdon et al., 1996). The half
maximal inhibitory concentration (ICsg) for each inhibitor was calculated using GraphPad
PRISM (ver 4.01) to fit dose-response data using either the sigmoidal dose-response or
sigmoidal dose response with variable slope model.

2.3. ES collection and Western blotting

To determine if the protein and RNA synthesis inhibitors blocked secretion, excretory/
secretory (ES) products from non-activated, activated, and inhibited L3 incubations were
assayed by Western blot for the presence of the secreted protein Ac-ASP-1 (Hawdon et al.,
1996). Approximately 5000 L3 were incubated in individual wells of a 24 well tissue culture
plate containing 500 pL of RPMI-c alone (non-activated), 15% canine serum filtrate plus 25
mM GSM (activated), or filtrate, GSM and inhibitor (inhibited). Following incubation for 24
h, medium containing the L3 was transferred to separate microcentrifuge tubes and
centrifuged for 5 min at 14,000 rpm. The supernatants were filtered through a 0.45 pm
syringe filter to remove any L3 and cast cuticles, and stored at —20 C. Prior to
electrophoresis, the ES products from approximately 5000 L3 (larval equivalents, LE) were
concentrated by ultrafiltration using Centricon 10 cartridges (Amicon, Beverley, MA),
washed with 1 ml of BU, concentrated again by ultrafiltration, and separated in a 11% SDS-
polyacrylamide gel. Separated proteins were transferred to a polyvinylidene fluoride
membrane (Millipore, Bedford, MA) by electroblotting at 16V for 16 h (Towbin et al.,
1979). The membrane was blocked with 5% non-fat dry milk in wash buffer (PBS, pH 7.4,
0.1% Tween 20) for 4 h at 4°C. The blocked membrane was incubated for 1 h at 22°C with a
1:5000 dilution of rabbit antiserum against recombinant Ancylostoma secreted protein 1
(rASP-1)(Hawdon et al., 1996). The membrane was washed 3 times with wash buffer for 10
min at 22°C, followed by incubation with a 1:5000 dilution of horseradish peroxidase-
conjugated goat anti-rabbit Ig (Boehringer Mannheim, Indianapolis, IN) for 1 h at 22°C.
Following washing, the bands were visualized using chemiluminescent detecting reagents
according to the manufacturer’s instructions (ECL+, Amersham Pharmacia Biotech,
Piscataway, NJ).

To determine whether ASP-1 was synthesized prior to activation, a soluble lysate of
untreated, ensheathed L3 was prepared as described (Kiss et al., 2009). Following acetone
precipitation, the proteins were resuspended in PBS and the protein concentration
determined by the bicinchoninic acid method (Micro BCA, Thermo Fisher) according to the
manufacturer’s instructions. Lysate (0.1 — 4 pg) and recombinant ASP-1 were separated on a
4-20% Tris-glycine SDS-polyacrylamide gel (Invitrogen) and blotted to nitrocellulose
membrane using an iBlot gel transfer apparatus (Invitrogen). Following transfer, the
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membrane was blocked and washed as above, and incubated with ASP-1 antiserum (1:1000)
followed by horseradish peroxidase-conjugated goat anti-rabbit 1g. The chemiluminescent
signal was detected as described above.

3. Results

3.1. Effect of RNA and protein synthesis inhibitors on L3 activation

To determine whether mRNA synthesis was required for activation, A. caninum L3 were co-
incubated with either actinomycin D or a-amanitin and the activating stimulus containing a
<10 kD ultrafiltrate of canine serum and S-methylglutathione (fil+GSM). As shown in
Figure 1, inhibition of activation by both actinomycin D and a-amanitin is dose-dependent,
with ICsq of 7.9 UM and 30 pM, respectively. Feeding was completely inhibited by 40 uM
a-amanitin and 25 pM actinomycin D. The inhibitors had no effects on L3 motility. These
compounds inhibit RNA synthesis by different mechanisms. Actinomycin D binds to DNA
and prevents transcription (Ernst and Oleinick, 1977), whereas a-amanitin is a specific
inhibitor of RNA polymerase Il (Lindell et al., 1970). The data suggest that mMRNA synthesis
is required for activation. This contrasts with C. elegans, which were able to initiate
recovery from dauer when mRNA synthesis was inhibited (Reape and Burnell, 1991a).

Next, L3 were co-incubated with stimulus and protein synthesis inhibitors to determine if
protein synthesis was required for activation. Both puromycin (ICsg = 111 uM) and
cyclohexamide (1C5p= 50 pM) exhibited dose-dependent inhibition of activation, and
completely inhibited activation at 500 uM (Figure 2). Similar dose-dependent inhibition was
seen with anisomycin, with an ICgg of 200 uM and complete inhibition at 500 uM (not
shown). None of the inhibitors affected L3 motility at the concentrations tested.
Cycloheximide and anisomycin block the translocation step and the peptidyl transferase
reaction, respectively, in the 80S ribosome during protein synthesis, whereas puromycin
causes the premature release of nascent polypeptide chains by its addition to growing chain
end (Alberts et al., 1994). Inhibition of activation by these inhibitors indicates that protein
synthesis is also required for hookworm L3 activation and feeding, as in C. elegans.

3.2. Critical time for inhibitor addition

Activation of A. caninum L3 in vitro proceeds with well-defined and repeatable kinetics
(Hawdon and Schad, 1993). The first L3 resume feeding after exposure to the stimulus for
approximately 6 h. The number of feeding L3 increases linearly until 12 h, when it reaches a
maximum level of approximately 90% of the population feeding. To determine when during
this process RNA and protein synthesis was required, the inhibitors were added at various
times during the incubation, and the worms assayed for feeding at 24 h. When either the
RNA synthesis inhibitor a-amanitin (80 uM) or the protein inhibitor anisomycin (500 uM)
was added before 12 h, activation at 24 h was significantly inhibited (Figure 3). However,
when the inhibitors were added at 18 h or later, L3 activated to near maximal levels. This
suggests that critical protein synthesis required for the activation process occurs before 12 h.

3.3. Effect of inhibitors on ASP-1 secretion

In addition to feeding, activation initiates the release of proteins by the L3. One such
protein, the activation-associated secreted protein ASP-1, is released within 30 min exposure
to the activating stimulus, with the majority secreted by 4 h (Hawdon et al., 1996). The rapid
kinetics suggests that ASP-1 is pre-synthesized and released in response to the activation
stimulus. To test this hypothesis, the effect of mMRNA synthesis inhibitors (actinomycin D
and a-amanitin) and protein synthesis inhibitors (puromycin and cycloheximide) on
activation-associated secretion of ASP-1 was determined. As shown in Figure 4a, non-
activated L3 released little or no ASP-1, whereas activated L3 released significant amounts

Vet Parasitol. Author manuscript; available in PMC 2012 June 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dryanovski et al.

Page 5

of the protein. None of the inhibitors affected ASP-1 secretion in response to the activation
stimulus. This indicates that de novo gene expression is not required for activation-
associated secretion, and suggests that ASP-1 is released from stored supplies. To confirm
that ASP-1 is synthesized and stored in the L3 stage prior to activation, a soluble lysate of
untreated L3 was probed with the ASP-1 antiserum. As seen in Fig. 4b, ASP-1 is present in
un-stimulated L3, indicating that it is synthesized prior to activation.

4. Discussion

Developmentally arrested infective L3 of hookworms encounter host-specific signals during
invasion that re-activate suspended developmental pathways. Recovery from the dauer stage
of the free-living nematode C. elegans is analogous to L3 resumption of development, and
has been used as a model for investigations of hookworm L3 activation during infection
(Hawdon and Schad, 1991a; Hotez et al., 1993). Dauer recovery and hookworm larval
activation are complex, highly regulated processes that are initiated by exposure to specific
environmental conditions. These environmental conditions initiate the expression of stage-
specific genes that are required for development to the L4 and adult stages, and in the case
of hookworm L3, for parasitism. These parasitism genes represent potential targets for
intervention in the hookworm life cycle.

Here we demonstrate significant differences in the requirements for gene expression in
hookworm L3 activation and C. elegans dauer recovery. When C. elegans dauer larvae are
incubated with the mMRNA synthesis inhibitors actinomycin-D and a-amanitin, they initiate
recovery from dauer normally and resume pharyngeal pumping, but fail to molt to the L4
(Reape and Burnell, 1991a). This indicate that mMRNA synthesis is not required for dauer
exit or the initial pre-molt recovery period, and suggests that the mRNAs required for early
dauer recovery are pre-synthesized and stored, whereas those required for the molt are
synthesized post-recovery. However, the protein synthesis inhibitors puromycin,
anisomycin, and cycloheximide prevented pharyngeal pumping and recovery, indicating that
protein synthesis was required for dauer exit (Reape and Burnell, 1991b). These data
suggested that mMRNAs encoding the genes required for exit from the dauer stage are
transcribed in the dauer larva, but not translated until after recovery has been initiated.

As in C. elegans, protein synthesis inhibitors block activation in A. caninum L3, indicating
that new proteins are required for the activation process. Unlike C. elegans, however,
hookworm L3 also require mRNA synthesis for activation. This indicates that de novo
expression of one or more key proteins is required for larval activation, and that unlike C.
elegans, the transcripts required for activation are not pre-synthesized. Critical gene
expression occurs during the first 12 h following exposure to the stimulus, as addition of the
inhibitors after this time has little effect on activation levels. Global analysis of dauer gene
expression during recovery identified 1984 genes that showed significant expression
changes (Wang and Kim, 2003). The genes were grouped temporally, with transient genes
representing those that peak at approximately 2 h after exposure to food. This is prior to
pharyngeal pumping and many of the morphological changes associated with dauer recovery
(Cassada and Russell, 1975; Golden and Riddle, 1984). These transient genes may represent
transcription factors that initiate expression of downstream genes required for activation.

Several other transient or early class proteins might represent key hookworm activation
proteins. Datu et al (2008) found that expression of several genes increased within the first 6
h of activation. These included several members of the activation-associated secreted
proteins/ pathogenesis related proteins (ASP/PRP) (Hawdon et al., 1996), proteases, and
novel MRNAs. Also, several transcripts were down regulated, including small heat shock
proteins, ASP/PRPs, proteases, and novel mRNA. While up regulated proteins represent
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likely candidates for critical activation genes, the inability to negatively regulate arrest-
associated genes due to inhibited expression of a regulatory protein could also prevent
activation. The functions of these differentially regulated proteins are mostly unknown,
making confirmation of their role in activation problematic. Furthermore, additional genes
that were not detected by the techniques used in these studies might also be required for
activation. In any case, our results indicate that one or more members of the parasitic gene
suite expressed early in activation are essential for activation to occur.

In addition to feeding, hookworm L3 activation is characterized by the secretion of proteins
believed to be involved in infection. These include a metalloprotease, a hyaluronidase, and
at least 2 ASP/PRP family members named ASP-1 and ASP-2 (Hawdon et al., 1995;
Hawdon et al., 1996; Hawdon et al., 1999; Hotez et al., 1992; Zhan et al., 2002). Of thesg,
the kinetics of ASP-1 secretion during activation has been best characterized. ASP-1 is
released within 30 min exposure to the activation stimulus, with nearly 60% of the total ASP
released in the 1st h and almost 90% released by 4 h (Hawdon et al., 1996). This is several
hours before a significant number of L3 have begun feeding. As the buccal cavity of
hookworm L3 remains sealed until feeding resumes (EI Naggar, 1987), ASP-1 is secreted
from a site other than the esophagus or intestine of the larva. The rapidity of release suggests
that the protein is synthesized and stored for secretion during infection, although de novo
gene expression and secretion could occur within 4 h. For example, infective dauer juveniles
of the entomopathogenic nematode Heterorhabditis bacteriophora recover from the dauer
arrest following exposure to its insect host (Dolan et al., 2002). During recovery, RNA
synthesis in the esophageal gland cell increases within 3 h, indicating high levels of
transcription. Feeding resumes by 5 h, and reaches a maximum at 36 h in this species.
However, our inability to inhibit ASP-1 secretion with either protein or RNA synthesis
inhibitors suggests that ASP-1 secretion does not require synthesis of new ASP-1 mRNA or
protein. Furthermore, ASP-1 is secreted as early as 30 min after exposure to the stimulus,
much earlier than gene expression occurs in H. bacteriophora. Finally, our results show that
ASP-1 is present in unstimulated L3 before exposure to activation stimuli. This indicates
that ASP-1, and perhaps other proteins secreted early in activation, are pre-synthesized and
stored for quick release early in infection, and supports the hypothesis that they are
important for establishment of parasitism (Hawdon et al., 1996).

Previously, we demonstrated that feeding and secretion were regulated by different
pathways downstream of the initial activation signal. Inhibition of 11S using the
phosphoinositide-3-OH-kinase (P13-K) inhibitor LY 294002 prevented feeding, but not
secretion (Brand and Hawdon, 2004). Furthermore, the pathways appears to bifurcate at an
upstream muscarinic receptor step, as the specific muscarinic receptor antagonist atropine
completely inhibited feeding, but only partially inhibited secretion (Hawdon and Datu,
2003). Our ability to pharmacologically uncouple feeding from secretion with RNA and
protein synthesis inhibitors in this study supports the idea that while feeding and secretion
are initiated by the same activation stimulus, their down stream signaling pathways differ,
and therefore represent separate targets for intervention.

In conclusion, we have shown that L3 activation is blocked by inhibitors of mRNA and
protein synthesis when they are added during the first 12 h of the activation process.
However, secretion of activation-associated protein ASP-1 is not blocked by the inhibitors.
This is in contrast to C. elegans, in which protein synthesis, but not RNA synthesis, is
required for the analogous process of dauer recovery. Taken together, these results indicate
that activation of L3 depends on de novo transcription and translation within the first 12 h of
exposure to stimulating conditions, but that secretion occurs without new gene expression.
The genes that are expressed during activation are a subset of those required for the
transition to parasitism, and as such represent interesting targets for further investigation.
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Furthermore, while dauer recovery provides a paradigm for hookworm larval activation
during infection, there are significant differences between the nematodes, and caution should
be used before making generalizations about the parasitic nematode infectious process based
on analogous C. elegans biology.
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Figure 1.

Effect of RNA synthesis inhibitors on Ancylostoma caninum L3 activation in vitro.
Increasing concentrations of MRNA synthesis inhibitors were co-incubated with canine
serum filtrate and S-methyl-glutathione (GSM) in triplicate samples. The inset represents
curve fitting to dose response models using GraphPad PRISM (ver 4.01) for the calculation
of I1C5q values. A) Effect of a-amanitin on L3 feeding. The sigmoidal dose response model
was used for ICgq calculation. B) Effect of actinomycin D on L3 feeding. The sigmoidal
dose response model with variable slope was used for ICsq calculation. Each experiment
was repeated at least once.
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Figure 2.

Effect of protein synthesis inhibitors on Ancylostoma caninum L3 activation in vitro.
Increasing concentrations of protein synthesis inhibitors were co-incubated with canine
serum filtrate and GSM in triplicate samples. The inset represents curve fitting to dose
response models using GraphPad PRISM (ver 4.01) for the calculation of 1Cgq values. A)
Effect of puromycin on L3 feeding. The sigmoidal dose response model with variable slope
was used for ICgq calculation. B) Effect of cycloheximide on L3 feeding. The sigmoidal
dose response model was used for 1Csq calculation. Each experiment was repeated at least
once.
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Figure 3.

Effect of time of inhibitor addition on activation of Ancylostoma caninum L3. Inhibitors
were added to L3 incubated with filtrate and GSM at the times shown, and the percentage
feeding determined at 24 h. Each time point was done in triplicate, and the experiment
repeated twice. A) Effect of time of addition of the RNA synthesis inhibitor a-amanitin on
activation. B) Effect of time of addition of the RNA synthesis inhibitor actinomycin D on
activation.
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Figure 4.

Effect of RNA and protein synthesis inhibitors on secretion of ASP-1 during activation. A.
Approximately 5000 A.caninum L3 were incubated without filtrate and GSM (non-
activated), with filtrate and GSM (activated), or with filtrate and GSM and inhibitor at the
indicated concentration (inhibited). After 24 h, the ES products were collected and separated
by SDS-PAGE, blotted, and probed with ASP-1 antiserum. Lane 1, rASP-1; lane 2, non-
activated L3 ES; lane 3, activated L3 ES; Lane 4, inhibited L3 ES. The numbers in
parentheses indicate percentage feeding at 24 h. The lack of signal in the positive control for
actinomycin D was due to inadvertent omission of the control sample from the gel. B.
ASP-1 is synthesized prior to activation. Soluble extract of untreated A. caninum L3 were
separated by SDS-PAGE, blotted, and probed with ASP-1 antiserum. Lane 1, 4 ug lysate;
lane 2, 1 pg lysate; lane 3, 0.1 ug lysate; lane 4, 5 ug recombinant ASP-1.
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