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Abstract

The L3-secreted Ancylostoma Secreted Protein-2 from the human hookworm Necator americanus
(Na-ASP-2) has been selected as a candidate vaccine antigen in anticipation of clinical trials. Its
crystal structure revealed that Na-ASP-2 has structural and charge similarities to CC-chemokines,
suggesting that it might act as a chemokine mimic when released by the infective larvae during tissue
migration. Using the air pouch model of acute inflammation, we found that Na-ASP-2 induced a
significant leukocyte influx to the skin pouch, mostly comprised of neutrophils (60%) and monocytes
(30%) that was transient and resolved in 24 h. Other hookworm larval proteins did not cause any
inflammatory leukocytes to migrate into air pouches. In vitro chemotaxis assays confirmed our results
and demonstrated that leukocyte migration was a direct effect of Na-ASP-2 exposure and not caused
by other molecules released by host cells in the inflammatory microenvironment or by the expression
vector.
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Introduction

Human hookworm infection is a leading cause of iron-deficiency anemia and malnutrition with
an estimated 600 million cases in the tropical developing world (Bethony et al., 2006). Most
hookworms infect a host by penetrating the skin, although some species are orally infective.
Third-stage infective larvae (L3) of the canine hookworm, Ancylostoma caninum, and the
major human hookworm, Necator americanus, are developmentally arrested and wait in the
soil or on grass. They attach to the host upon direct contact and penetrate the skin via hair
follicles, crossing the dermis and eventually entering blood or lymphatic capillaries, where
they are carried to the pulmonary microcirculation. Once in the lung, they undergo tracheal
migration by penetrating into the alveoli to be swept in mucus up the airways and then down
into the gut, where they establish as adult parasites. During tissue invasion, infective L3 of
parasitic nematodes encounter physicochemical signals that initiate a programmed chain of
developmental events resulting in the successful establishment of a parasitic relationship.
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When L3 of the canine hookworm A. caninum are activated in vitro, they release
metalloproteases (Hawdon et al., 1995) and other molecules of unknown function referred to
as Ancylostoma Secreted Protein 1 and 2 (Ac-ASP-1, Ac-ASP-2; Hawdon et al., 1996; Hawdon
etal., 1999).

Tissue invasion is often associated with granulocyte infiltration. The quantity and quality of
inflammatory recruitment following parasitic helminth infection suggest that granulocytes are
not simply responding to tissue injury caused by migrating larvae, but they are actively being
targeted by molecules secreted by the parasite. Numerous parasite-derived chemotactic factors
have been reported to recruit, often selectively, neutrophils or eosinophils (Falcone et al.,
2001; Horii et al., 1988; Niwa et al., 1998; Owhashi et al., 1985; Owhashi et al., 1997; Rubio
de Kromer et al., 1998; Tanaka et al., 1979; Tanaka and Torisu, 1978). In the few cases in
which the mechanism has been studied, it has revealed some degree of interaction between
parasite antigens and either p-integrin receptors or the I1L-8 pathway (Falcone et al., 2001;
Rubio de Kromer et al., 1998).

Hookworm proteins involved in tissue invasion are particularly good candidate antigens for
the development of vaccines and drugs (Hotez et al., 2003). On the basis of in vitro data, animal
trials and human epidemiological studies (Bethony et al., 2005; Goud et al., 2004; Hotez et al.,
2003; Mendez et al., 2005), the L3-secreted N. americanus ASP-2 (Na-ASP-2) was selected
as a vaccine antigen to undergo further development (Goud et al., 2005). As mentioned above,
ASP-2 is released by the L3 after invading the host and it is likely to play a role in the transition
to parasitism (Hotez et al., 2003). Since the function of ASP-2 is currently unknown, structural
studies were initiated to clarify the role of Na-ASP-2 as a functional vaccine. Although no
protease activity for Na-ASP-2 has been detected so far, our finding that anti-Na-ASP-2
antibodies inhibit larval migration through skin in an in vitro assay (Bethony et al., 2005; Goud
et al., 2005) suggests that ASP-2 has an important role in larval host entry and in migration
through the tissues before reaching the intestine. Recent crystallography studies have revealed
that Na-ASP-2 has structural and charge similarities to CC-chemokines (Asojo et al., 2005),
suggesting that this molecule might act as a chemokine mimic when released by the infective
larvae during tissue migration.

To study the development of chemotaxis, in vivo animal models have become important. The
study of localized inflammation in tissues is often challenging because it is difficult to isolate
the immune response towards a particular insult. Thus, there was value in developing a simple
inflammatory model that is restricted to a confined location in which population changes can
be more readily monitored and regulatory mechanisms identified. The air pouch model in mice
represents an ideal location in which to study the development of an inflammatory reaction.
The pouches are generated by the injection of sterile air in the skin of mice. Both the stimulus
(inflammatory agent) and the response (cellular and humoral) are generated in a sterile
environment and can be easily isolated by lavage. In the present study, we were interested to
determine, by use of a murine air pouch system, whether Na-ASP-2 had a chemotactic function.
We found that Na-ASP-2 caused leukocyte recruitment into the inflammatory air pouch of
BALB/c mice, and that the infiltrate was mainly comprised of neutrophils (60%) and
monocytes (30%). Other hookworm larval secreted proteins, such as Ac-MTP-1, did not cause
any inflammatory infiltrate. In vitro chemotaxis assays using purified neutrophils confirmed
that the neutrophil migration was a direct effect of Na-ASP-2 exposure and not caused by other
chemokines and/or cytokines that may have been released in vivo in the inflammatory
microenvironment of the air pouch.
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Materials and Methods

Animals

Female BALB/c were obtained from the National Cancer Institute and used at 6-8 weeks of
age. All studies were approved by the Institutional Animal Care and Use Committee at The
George Washington University Medical Center.

Recombinant proteins

The rNa-ASP-2 protein was manufactured as previously described (Goud et al., 2005). The
recombinant Ancylostoma caninum metalloprotease 1 (Ac-MTP-1) was used as a control. The
recombinant protein was provided by Dr. Bin Zhan of the Department of Microbiology,
Immunology, and Tropical Medicine at The George Washington University, and produced as
described (Zhan et al., 2002). The rationale for selecting Ac-MTP-1 is that this protein is
expressed exclusively by the L3 stage of A. caninum and is actively secreted into the culture
medium in vitro, supporting a role in tissue invasion. Ac-MTP-1 has significant homology with
the N. americanus MTP-1 molecule (Daub et al., 2000), which is not available as a recombinant
antigen. Both proteins were suspended in sterile phosphate buffer saline (PBS) for use in in
vivo air pouch inoculations. For in vitro chemotaxis assays, proteins were diluted in RPMI
supplemented with 1% BSA (Sigma, St. Louis, MO).

Air pouch and leukocyte migration

Air pouches were raised on the dorsum of BALB/c mice as described elsewhere (Edwards et
al., 1981). Briefly, on days 0 and 4, mice received a subcutaneous injection of approximately
2 ml sterile air using a 27G needle attached to a 0.2 p syringe filter. On day 7, mice were
injected with 1 ml PBS containing 50-100 pg rNa-ASP-2 or rAc-MTP-1 in the air pouch. The
dose of antigen used and timing of sacrifice for each experiment are indicated within each
figure legends. After sacrifice, the pouches were flushed with 3 mI PBS to collect their contents.
Cells were then filtered through a 70-p cell strainer (BD Falcon, San Jose, CA), centrifuged
and resuspended in 1 ml PBS. Leukocyte numbers were calculated and up to 2.5 x 10° cells
were centrifuged onto glass slides by cytospin. Slides were stained with Wright-Giemsa
(Camco Chemicals, Florence, KY) to identify leukocyte subpopulations. A total of 300 cells
were counted for each slide. Individual leukocyte numbers were combined and expressed as
mean + SEM. Total cell numbers were obtained as the product of total cell number and
percentages for each cell type.

Cell purification from peripheral blood

One to two ml of peripheral blood were obtained from the mice by cardiac puncture and treated
with ammonium chloride lysis buffer (16 mM NH4CI, 2 mM KHCO3, and 3 mM EDTA) to
lyse red blood cells and enrich for peripheral blood leukocytes (PBLs). In some experiments,
once PBLs were obtained, neutrophil purification was performed using a mouse anti-GR-1
biotin MACS separation kit from Miltenyi Biotec (Auburn, CA) according to manufacturer’s
instructions.

Boyden Chamber Assays

The apparatus used in all chemotaxis assays was a 48-well Boyden chemotaxis chamber and
5 um polycarbonate membranes from Neuro Probe, Inc. (Gaithersburg, MD). RANTES and
Eotaxin-1 were obtained from PeproTech (Rocky Hill, NJ); FMLP was purchased from Sigma
(St. Louis, MO). These chemokines were used as positive controls to attract T cells, eosinophils
and neutrophils, respectively. All chemokines were suspended in RPMI + 1% BSA. The upper
chamber and rubber gasket were removed and 25 ul of chemoattractants was added to the
bottom wells (RANTES 1 ng/ml, Eotaxin-1 270 ng/ml, FMLP 10 uM); the recombinant
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hookworm proteins were used at varying concentrations (10-250 ng/ml). The 5-um
polycarbonate membrane was then carefully placed onto the bottom chamber and the rubber
gasket and upper chamber components were then reattached. Cells were added to the upper
wells at a dose of 1 x 104 PBLs or 5 x 103 neutrophils in a total volume of 40 ul. The chamber
was incubated at 37 °C, 5% CO,, for 50 min, after which the membrane was removed, the non-
migrated cells were scraped off, and the membrane stained with Wright-Giemsa. After staining,
the membrane was affixed to slides using Permount and cover slips. All cells in each
experimental condition were counted at 40x and identified based on morphology. A
chemotactic index was generated for each experimental condition by dividing the number of
cells that had migrated through the membrane in response to the chemokine or antigen by the
average number of cells that had migrated through the membrane in response to medium alone.
Chemotactic indexes were combined and expressed as mean £ SEM, with n = 6 wells per
experimental condition.

Pronase protein digestion

Statistics

Results

For protein digestion, 10 pg of Na-ASP-2 was incubated with 0.1% pronase (Calbiochem, San
Diego, CA) overnight in a 37 °C water bath. A separate sample of Na-ASP-2 was incubated
overnight at 37 °C without pronase to provide an undigested control. Successful pronase
digestion was confirmed by gel electrophoresis followed by Coomassie staining.

The statistical significance of differences in cell population numbers was determined by use
of the one-way ANOVA test (within a group) or two-way ANOVA test (among groups). After
we determined that differences existed among the means, Dunnet’s or Bonferroni post hoc test
were used to determine which means differed, respectively. Differences were considered to be
statistically significant if the calculated P < 0.05.

Na-ASP-2 causes leukocyte migration into air pouches generated in BALB/c mice

We tested the chemotactic potential of Na-ASP-2 using a well-established in vivo air pouch
model of acute inflammation and cellular recruitment. Once the air pouch was established in
the dorsum of the mice, 100 pg/ml of Na-ASP-2 was inoculated into the pouches. Total number
of cells and leukocyte populations were determined at various time points after Na-ASP-2
inoculation. As shown in Figure 1A, injection of 100 ug of Na-ASP-2 resulted in migration of
leukocytes into air pouches that peaked at 6 h post-injection. This inflammatory infiltrate was
transient since it greatly, and significantly, decreased after 24 h when compared to the 6 h
timepoint (P < 0.001). Injection of sterile PBS as a control did not induce significant cell
recruitment (< 10°, not shown). When the relative percentage of leukocyte populations was
analyzed, we found that neutrophils were the predominant cell type to be recruited into the air
pouches following Na-ASP-2 injection, comprising approximately 60% of the leukocytes
recovered at any given time. Monocytes/macrophages (Mf) were the second most predominant
cell type, representing 30% of the total leukocyte population. Interestingly, very few
eosinophils migrated to the air pouch in response to Na-ASP-2 (less than 10%), and only 3%
of the cells recovered were lymphocytes (Figure 1B). While the relative proportions were
maintained at every time point, the absolute number of cells varied with time, even though
neutrophils were always the predominant cell population (Figure 1C). Based on these findings
(maximum influx of leukocytes at 6 h post injection), the 6 h time point was selected for all
subsequent in vivo studies. Injection of 50 pg induced the same amount of leukocyte
recruitment to the pouch (not shown); thus, the lower dose was employed in subsequent
experiments.
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In vivo leukocyte migration occurs in response to Na-ASP-2 but not other larval antigens

To determine whether the recruitment of cells to the air pouch was an effect specific for Na-
ASP-2, Ac-MTP-1, a different ancylostomid L3-secreted protein was tested. Figure 2A shows
the in vivo recruitment of leukocytes to air pouches of BALB/c mice in response to local
injection of 50 pg protein. Sterile PBS was used as a control. Total cell numbers recovered
from air pouch exudates collected from mice injected with Na-ASP-2 were 8- and 9-fold higher
than those recovered from mice injected with either Ac-MTP-1 or PBS, respectively,
confirming that the recruitment of cells into the air pouch occurs following Na-ASP-2
stimulation (P < 0.005). We determined the absolute numbers of the major leukocyte subsets
collected from the inflammatory exudates in the air pouches. Figure 2B shows that Na-ASP-2
injection elicited a 4-fold increase in monocyte/Mf numbers (P < 0.0008) and a 20-fold increase
in neutrophils numbers (P < 0.0001), if compared to that obtained after Ac-MTP-1 or PBS
inoculation. Monocytes/Mf was the predominant cell type recovered from mice inoculated with
either PBS or Ac-MTP-1. In contrast, air pouch exudates from Na-ASP-2-injected mice
contained a significant higher percentage of neutrophils, followed by monocytes/Mf. Again,
recruitment of eosinophils was significantly smaller and lymphocyte recruitment was
negligible in all groups analyzed. Taken together, these findings suggest that Na-ASP-2 is
responsible for leukocyte recruitment in the in vivo air pouch model, and that this effect is
specific for Na-ASP-2 since other larval proteins did not elicit any cell migration.

Na-ASP-2 is directly responsible for chemotaxis of purified neutrophils in vitro

Following our in vivo findings, we wanted to confirm that Na-ASP-2 induced leukocyte
migration by itself, and not indirectly via other exogenous factors that might have been present
in the in vivo model (i.e. other chemokines released by local cells exposed to the antigen). Thus,
we conducted in vitro chemotaxis studies using Boyden chambers, which enabled us to control
the chemokine environment present during antigen exposure. We first investigated which
leukocyte subset(s) would be induced to migrate in response to Na-ASP-2 by incubating
peripheral blood leukocytes (PBLs) with several concentrations of Na-ASP-2. Other well-
characterized chemokines such as FMLP, eotaxin-1 and RANTES were used as positive
controls to elicit migration of neutrophils, eosinophils and lymphocytes, respectively. As
shown in Figure 3A, blood neutrophils were the only subset that demonstrated significant
migration in response to Na-ASP-2 stimulation. This response was dose-dependent, with an
optimal response at 10 ng/ml. No chemotactic effect was observed if doses lower than 10 ng/
ml were tested (not shown), consistent with the typical curves observed when performing
chemotaxis assays (decreased chemotaxis at high and low concentrations). To further confirm
that the chemotactic effect of Na-ASP-2 on neutrophils was not due to factors released by other
leukocytes either in vivo or in vitro, but to the protein itself, chemotaxis assays were conducted
using purified neutrophils from peripheral blood. Figure 3B shows that in vitro incubation of
purified neutrophils with 10 ng/ml Na-ASP-2 induced cells to migrate in response to the
antigen. Finally, we wanted to confirm that the chemotactic effect of Na-ASP-2 was not due
to residual carbohydrates that may have been present after expression and purification.
Therefore, chemotaxis assays were also conducted using Na-ASP-2 pre-treated with pronase.
Pronase is a mixture of endo- and exo-proteinases designed to cleave all peptide bonds in a
protein. As shown in Figure 3C, pronase treatment of Na-ASP-2 totally abolished its
chemotactic function. Taken together, these findings strongly support the conclusion that the
chemotactic effects observed with Na-ASP-2 are due to the protein itself and not to an
exogenous contaminant.

Discussion

We have shown that murine leukocytes rapidly respond to Na-ASP-2 by the use an in vivo air
pouch model of inflammation and an in vitro chemotaxis assay. We have determined that
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neutrophils, and monocytes to a lesser extent, accumulate in response to Na-ASP-2. This effect
was proven to transient, however, since inflammation resolved 24 h after the inoculation of the
protein.

Developmental studies carried out with the dog hookworm, A. caninum, indicated that products
secreted during larval invasion are likely involved in the transition to parasitism and infectivity
(Hawdon et al., 1999). Helminth proteins implicated in the tissue invasion process are
particularly good candidate antigens for the development of vaccines and drugs. In particular,
tissue-invading hookworm L3 release metalloproteases and ASPs. The function of the A.
caninum metalloprotease-1, Ac-MTP-1, has recently been characterized by us (Williamson et
al., 2006). We have shown that MTP-1 favors tissue penetration: anti-MTP-1 antiserum
inhibited the ability of the recombinant protein to digest collagen by 85% and inhibited larval
migration through tissue in vitro by 75% (Williamson et al., 2006). Similarly, rat and dog
antiserum against Na-ASP-2 was able to inhibit larval migration through tissue in an in vitro
system (Bethony et al., 2005; Goud et al., 2005). Our data suggest that ASP-2 is also central
to promote tissue migration in the host. This could also provide the basis by which anti-ASP-2
antibodies are protective against larval challenge infections (Goud et al., 2004; Mendez et al.,
2005). Our results also confirm that the mechanisms of action of the two larval proteins are
different, since only ASP-2 promoted neutrophil migration. Na-ASP-2 has been selected as a
vaccine candidate based on human immuno-epidemiologic studies and laboratory animal
vaccine trials (Bethony et al., 2005; Goud et al., 2004; Hotez et al., 2003; Mendez et al.,
2005). In order to clarify the role of Na-ASP-2 as a functional vaccine, and in an attempt to
unravel its function, structural studies were carried out (Asojo et al., 2005). The crystal structure
revealed that this antigen has structural and charge similarities to CC-chemokines, leading to
hypothesize that Na-ASP-2 might act as a chemoattractant. Our data confirmed this hypothesis,
since Na-ASP-2 treatment induced accumulation of leukocytes both in vivo and in vitro. Our
findings also demonstrated this effect was short-lived.

The question remains on what would be the advantage for the parasite to elicit neutrophil
accumulation during tissue migration. The literature reveals that both inhibitory and
chemoattractant parasite-derived molecules have been described. However, a closer
examination of the published data unveiled that tissue-dwelling parasites (usually adults) often
release inhibitory factors, possibly in an attempt to reduce the local immune response (Alkarmi
and Behbehani, 1989; Culley et al., 2000; Keir et al., 2004; Leid et al., 1987; Lo et al., 1999).
Conversely, tissue-migrating larvae usually secrete compounds that promote inflammation
(Falcone et al., 2001; Horii et al., 1988; Niwa et al., 1998; Owhashi et al., 1985; Owhashi et
al., 1997; Rubio de Kromer et al., 1998; Tanaka et al., 1979; Tanaka and Torisu, 1978). Local
inflammation and, in particular, neutrophil-related edema could increase tissue permeability
and favor a faster and more successful migration through the host’s tissues. In addition, the
specific recruitment of neutrophils could protect migrating parasites from exposure to other
cell types that may produce more damage, such as NK cells or eosinophils that cause antibody-
dependent cytotoxicity (Attallah et al., 1980; Desakorn et al., 1987).

Our findings presented here suggest that Na-ASP-2 function may have evolved to favor tissue
migration by the elicitation of a neutrophil rich inflammatory infiltrate that will favor
permeability and edema. A faster migration through the host’s tissues may ultimately result in
increased parasite survival and establishment. The existence and role of Na-ASP-2 receptors
in the host cells is currently under investigation.
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Figure 1.

Injection of 100 pg of Na-ASP-2 into the air pouch induces leukocyte migration in BALB/c
mice. A. Total number of cells in air pouches at different time points after injection. Data
represent the mean + SEM, n = 8-9. *: Statistically significant when compared with the other
time points, P < 0.001. B. Relative cell type distribution (in percentage) of monocytes/
macrophages (Mf, ), neutrophils (m), eosinophils (o) and lymphocytes (A) at different time
points after injection of the antigen. Data represent mean + SEM, n = 8-9. *: Statistically
significant when compared with the other cell populations, P < 0.001. C. Total numbers of
monocytes/macrophages (Mf, 4), neutrophils (m), eosinophils (o) and lymphocytes (A) at
different time points after injection of the antigen. Data represent mean + SEM, n = 8-9. *:
Statistically significant when compared with the other cell populations, P < 0.001.
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Figure 2.
Na-ASP-2 induces neutrophil migration into the dorsal air pouch of BALB/c mice. A. Total

number of cells recovered from air pouches 6 h after injection of sterile PBS, 50 ug Ac-MTP-1
or 50 pg Na-ASP-2. Data represent the mean + SEM, n = 5. B. Total numbers of monocytes/
Mf, neutrophils, eosinophils and lymphocytes recovered from air pouches 6 h after injection
of sterile PBS, Ac-MTP-1 or Na-ASP-2. Data represent mean + SEM, n =5, * **: Statistically
significant when compared to the PBS and Ac-MTP-1 groups, P < 0.0008 and P < 0.0001,
respectively.
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Figure 3.

In vitro chemotactic assays confirmed that Na-ASP-2 induces neutrophil chemotaxis. A.
Chemotactic indexes for PBLs after 50 min incubation with FMLP 10 uM, eotaxin-1 270 ng/
ml or RANTES 1 ng/ml as positive controls, or Na-ASP-2 (10-250 ng/ml). The chemotactic
index was determined by dividing the number of cells that migrated through the membrane in
response to the chemokine by the average number of cells that migrated in response medium
alone. Data represent the mean + SEM, n = 6. B. Chemotactic index for purified blood
neutrophils after 50 min incubation with FMLP (10 uM) or the L3 proteins Na-ASP-2. Data
represent mean = SEM, n = 6. C. Chemotactic index for purified blood neutrophils after 50
min incubation with FMLP (10 uM) or 10 ng/ml Na-ASP-2 incubated overnight with or without
0.1% pronase at 37° C. Data represent mean + SEM, n = 6.
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