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Integrin-like RGD-dependent cell adhesion mechanism 1s
involved in the rapid killing of Onchocerca microfilariae
during early infection of Stmulium damnosum s.l.
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SUMMARY

Injection trials with compatible and non-compatible Onchocerca species into S. damnosum s.1., the vector of human and
bovine onchocerciasis, demonstrated that the rapid killing of microfilariae within the blackfly’s haemocoel is species
specific. In the presence of the peptide RGDS as a blocking agent for integrin-like receptors of haemocytes, the survival
of O. ochengi microfilariae in its natural intermediate host was significantly increased. This increased survival 24 h p.i.
correlated with a significant decrease of apoptosis levels in the microfilariae following a 2 h exposure to the haemolymph
in vivo. These findings suggest that haemocytes are directly involved in the killing of Onchocerca microfilariae in the

blackfly.
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INTRODUCTION

Blackflies of the Simulium damnosum species complex
are the vectors of Onchocerca volvulus, the cause of
river blindness affecting around 20 million people
world-wide (WHO, 1995). As it is too difficult to
obtain sufficient O. wvolvulus material for infection
trials we have established a model system to
investigate the role of the innate immune system of
S. damnosum s.1. for the transmission of human river
using O. ochengi,
(Bwangamoi, 1969). This species is naturally trans-
mitted by the same vector as O. volvulus and is its
closest relative (Denke & Bain, 1978). Using micro-
filariae of a temperate Onchocerca species, O. lienalis,
and a North American blackfly, Simulium vittatum,

blindness a bovine parasite

it could be demonstrated that a certain proportion of
microfilariae that reach the blackfly’s haemocoel will
be killed very rapidly within the first 2 h (Lehmann,
Cupp & Cupp, 1994). Most of the surviving
microfilariae will continue to develop successfully to
infectious larvae, and it is uncommon to find dead or
damaged microfilariae, but the ones that are found
show multiple sites of damage. This ‘lytic’ response
was interpreted as unique for blackflies at the time.
The lytic effect could be saturated by re-infecting
blackflies with microfilariae demonstrating that there
was only a limiting amount of this factor available.
Possible active factors of this response to filarial
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infection could belong to the blackfly’s innate
immune system. What is somewhat unique for adult
blackflies is the absence of encapsulation and
melanization reactions against intruding particles
and pathogens, although important pathways — like
the phenoloxidase pathways—are intact (Hagen,
Grunewald & Ham, 1994; Hagen et al. 1997 a). The
humoral arm of the immune response of S. ornatum,
a European species, and S. damnosum s.1. has been
extensively investigated (Ham et al. 1995), and it
could be demonstrated that as in other insects a
range of molecules are implicated in the response to
infection (Richman & Kafatos, 1995). But very often
direct evidence of the activity of immune molecules
against Onchocerca parasites was missing although it
had been demonstrated that certain undefined com-
ponents of immune haemolymph of blackflies led to
an enhanced killing of the parasite (Ham, 1986). To
assess if and which components of the innate immune
system might be responsible for the killing of
microfilariae, it was of interest to determine how
exactly the parasite dies after entering the haemocoel
of the vector. It was recently demonstrated that the
microfilariae showed enhanced apoptosis levels when
exposed to the haemocoel of blackflies by using
caspase inhibitors in co-injection trials and a cell
death detection assay (Hagen, Kliger & Williams,
1998). In addition, it could be shown in these in vivo
experiments that the onset of apoptosis was po-
tentially mediated by trypsin-like proteases (Hagen
et al. 1998), known to be transcriptionally up-
regulated in the vector during an Onchocerca in-
fection (Hagen et al. 1995a; Hagen, unpublished
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observations). Co-injections of caspase as well as
serine protease inhibitors together with microfilariae
resulted in a significantly enhanced survival of the
parasites (Hagen et al. 19975, 1998). However, it was
not clear which part of the immune system was
responsible for the enhanced levels of apoptosis.
This present study was aimed to investigate whether
or not haemocytes, e.g. the cellular arm of the
immune system, were involved. However, very little
is known about the role of blackfly haemocytes and
the body of publication is very small. Cupp, Chen &
Cupp (1997) demonstrated shifts in the haemocyte
populations in sham-inoculated and Omnchocerca-
infected S. vittatum compared to controls. But this
could be interpreted as a general stress response
rather than a specific reaction to infection. As it
proved difficult to maintain blackfly haemocytes in
vitro, especially under field conditions,
necessary to find an inhibitor that could be used to
interfere with haemocyte adhesion to microfilariae
in vivo. Integrins are known to be important
receptors for haemocyte adhesion (Johansson, 1999).
Recently, Pech & Strand (1995), using a peptide
(RGDS) mimicking the common binding motif of
integrins, demonstrated that haemocyte adhesion in
the moth Pseudopleusia includens was RGD de-
pendent. We therefore used this peptide as a tool to
investigate whether or not haemocytes would have
any effects on microfilarial survival of O. ochengi and
their apoptosis levels during early in vivo exposure to
haemolymph of S. damnosum.

it was

MATERIALS AND METHODS
Blackfly and parasite material

Female S. damnosum s.1. were collected as pupae
on trailing vegetation from the Vina du Sud, near
the town of Ngaoundéré, Adamawa Province,
Cameroon. The blackflies were kept in specially
designed cages (Wenk & Raybould, 1972). Only
females were used for the injection experiments
within 2 days of their emergence. The microfilariae
of O. ochengi, O. dukei and O. gutturosa were isolated
from bovine skin samples collected at the local
abattoir of Ngaoundéré. The microfilariae were
isolated following the method described by Bianco et
al. (1980) and purified following the method of
Hagen, Kliger & Ham (1995b). While O. ochengi
develops in S. damnosum s.1. the other two species do
not (Wahl, Ekale & Schmitz, 1998). RPMI 1640,
supplemented with 200 U/ml penicillin, 200 ug/ml
streptomycin and 100 pg/ml Nystatin, was used as
medium for isolation of microfilariae and during the
injection trials.

Mode of infection

The Onchocerca species were identified morpho-
logically (Bain et al. 1977). Flies were inoculated
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through their pleural membrane using drawn out
glass capillaries (Nelson, 1962). The flies were kept
on a 309, sugar solution containing penicillin and
streptomycin (200 U/ml and 200 pg/ml respect-
ively) and Nipagin (0-25 %,).

Differential injection trials. Findings by Lehmann et
al. (1994) suggested that most O. lienalis micro-
filariae were killed during the first 2 h following
injection into the North American blackfly species S.
vittatum. These present trials were conducted to
ascertain whether or not the optimal in vivo in-
cubation time of O. ochengi microfilariae in the
haemolymph of S. damnosum s.1. for the TUNEL
assays was also 2h. Female S. damnosum were
inoculated with 15 microfilariae of 1 of 3 bovine
Onchocerca species: the compatible species O.
ochengi, and the 2 non-compatible species O. dukei
and and O. gutturosa. The blackflies were dissected
after 2 h and the microfilariae counted.

RGDS/RGES 1injection trials. (A) The effects of
haemocytes on the survival of microfilariae were
investigated by co-injecting O. ochengi microfilariae
with RGDS (Sigma A9041), the blocking agent for
integrin-like receptors on haemocytes. T'wo control
groups were included in the experiment (i) the
peptide RGES (Sigma A5686) has no blocking
properties due to the change of 1 amino acid and was
used at the same molarity, (ii) plain medium. Graded
glass capillaries were filled with 025 ul of 40 mm
RGDS or RGES peptide solution or plain medium,
followed by the uptake of 5 microfilariae from the
microfilariae suspension. The injection volume was
adjusted to a total of 0-5 yl with plain medium if
necessary. The final concentration of peptides within
the blackflies was estimated to be 10 mMm. For each
experimental group, 50 flies were injected, and the
surviving flies were dissected 24 h later and the
microfilariae were counted.

(B) To investigate the effects of haemocytes on levels
of apoptosis, blackflies were inoculated with 15
microfilariae of O. ochengi together with RGES (30
flies), or with RGDS (30 flies). The experimental
conditions were the same as described for the
survival trials above. In this case the blackflies were
dissected at the earlier time point of 2 h p.i. and the
microfilariae were retrieved with drawn-out glass
capillaries and stored in liquid nitrogen for the
following in situ cell death detection assay (Hagen et

al. 1998).

TUNEL assay

The in situ cell death detection kit was purchased
from Promega. The assays were carried out following
the method described by Hagen et al. (1998). Briefly,
approximately 30 microfilariae were transferred onto
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Fig. 1. Simulivm damnosum s.l.: recovery rate of living
and dead Omnchocerca ochengi microfilariae (compatible)
and O. dukei and O. gutturosa microfilariae (non-
compatible species) 2 h after intrathoracic injection.

a 60 ul drop of double distilled water on a poly-L-
lysine coated cavity slide using an eye-lash. After the
slides were air-dried at 37 °C for 1 h, the changes of
solutions were conducted under a dissection micro-
scope as microfilariae are notoriously difficult to
attach on glass. The scoring was done blind in that
the level of fluorescence was evaluated on a scale
from 0 to 4 without knowing the identity of the
samples. 'The
fluorescence, 1: single fluorescent cells, 2: less than

score was as follows: 0: no
half of cells fluorescent, 3: more than half of cell
fluorescent, 4: all cells fluorescent.

Statistical analysis

All data were tested for significant differences using
the Mann—Whitney U-test. Broken microfilariae or
worm fragments were excluded from the analysis of
the TUNEL assays.

RESULTS
Survival rates of different Onchocerca species

About 509, of O. ochengi microfilariae survived the
first 2 h p.i., whereas all of the O. gutturosa and O.
dukei microfilariae were killed (Fig. 1), and their
recovery rate was only around 159,. Interestingly
nearly all of the dead O. ochengi microfilariae were
already cleared at the time-point of dissection 2 h p.i.
Dead O. dukei and O. gutturosa microfilariae were
recovered in much higher numbers, as in these cases
the blackfly’s immune system had to cope with
double the number of dead microfilariae during the
clearance process. The differences in survival rates
of the compatible species O. ochengi and the 2 other
non-compatible species were very obvious. As none
of the non-compatible microfilariae survived proper
statistical analyses were redundant.
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Survival rates in the presence of RGDS

The increase of live microfilariae retrieved 24 h p.i.
in the presence of the blocking agent RGDS (42
blackflies dissected) was highly significant when
compared with the control group without any
peptide (P = 0-0000, 47 blackflies dissected) and the
control group with the non-blocking peptide RGES
(P = 0-0001; blackflies dissected; Fig. 2). There was
no significant difference between the RGES and the
control group.

Induction of apoptosis in microfilariae in the presence

of RGDS

Due to the results of the survival trials described
above only 2 groups, namely the RGDS and the
RGES control group, were examined. After only 2 h
exposure within the haemocoel the mean number of
microfilariae retrieved from blackflies was already
significantly higher in the RGDS group (101 mfs/
fly) than in the RGES group (8:7 mfs/fly; P = 0-02).
At the same time the proportion of microfilariae
showing apoptotic cells with fluorescence was signifi-
cantly lower in the RGDS group than in the RGES
group (P =002; Fig. 3). The differences of
fluorescence were at the levels of 1 and 2 of the
scoring scale.

DISCUSSION

The developmental fate of a given parasite species in
S. damnosum s.1. was determined within the first 2 h
of microfilariae entering the haemocoel. As all of the
non-compatible Onchocerca microfilariae had been
killed during this initial exposure, it was concluded
that the first 2 h upon entering the haemocoel are
pivotal for the survival even for well-adapted
parasites such as O. ochengi. The response did not
completely discriminate between compatible and
non-compatible species as only about half of the
compatible O.
survive the initial response. In this sense the rapid

ochengi microfilariae managed to

killing was in fact species specific. The recovered
number of dead microfilariae in the case of O. duke:
and O. gutturosa was much higher than for O.
ochengi. This was certainly due to the fact that the
system was ‘saturated’, having to clear 15 mfs
instead of an average of 7 mfs in the case of O.
ochengi. Unlike Lehmann et al. (1994), however, we
did not conclude that the ‘active factor’ responsible
for the microfilaricidal effects was a soluble one. The
results from this study using the peptide RGDS to
block cell adhesion suggested otherwise.

The presence of RGDS in the haemolymph led to
a highly significant increased survival of O. ochengi
mfs 24 h p.i when compared to the controls. This
significantly
reduced apoptosis levels 2 h p.i. in microfilariae co-

enhanced survival correlated with
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Fig. 2. Simulium damnosum s.1.: mean recovery rate of
Omnchocerca ochengi microfilariae 24 h after intrathoracic
injection together with the peptide RGDS and 2 control
groups, 1 without any peptide and 1 with the peptide
RGES (RGDS > RGES: P =0-0001, RGDS > controls:
P = 0-0000).
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Fig. 3. Onchocerca ochengi: percentage of microfilariae
showing different levels of apoptotic cells following 2 h
in vivo exposure to the haemolymph of Simulium
damnosum s.1. in the presence of the peptide RGDS or
RGES as a control for specificity. Level of fluorescence
in microfilariae due to apoptotic cells detected with a
cell death detection assay (TUNEL) and scored from

0 = no cell to 4 = all cells fluorescent.

injected with RGDS group when compared to
microfilariae co-injected with the peptide RGES as a
control. Interestingly, in this experiment, where the
exposure of microfilariae to blackfly haemolymph
was only 2 h, the recovery rate of O. ochengi parasites
was again significantly higher in the RGDS group
than in the control RGES group. The results from
this present study indicate that the rapid killing of
Onchocerca microfilariae involved an integrin-like
RGD-dependent cell adhesion mechanism. This
would suggest that cellular components of the
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haemolymph were in fact taking part in the early
response of blackflies to Onchocerca infection.

As these trials could have only been carried out in
vivo it was not possible to directly observe the
haemocyte-type involved during this process. How-
ever, during most of the 2 h of exposure, micro-
filariae are located in the haemolymph, with hae-
mocytes representing the most likely cell type to be
encountered by the parasite during their migration
to the thoracic flight muscle. In most other vector
insects this contact would lead to encapsulation by
haemocytes but not in blackflies (Vernick, 1997). At
least 4 blood cell types have been identified in S.
vittatum, amongst them plasmatocytes and granular
cells (LLuckhart, Cupp & Cupp, 1992). Preliminary
data with S. damnosum showed that the proportion of
plasmatocytes present in the haemolymph of S.
dammnosum is highly significantly increased after 24 h
p.i. as compared to granular cells (Hagen et al.
unpublished observations). This observation was in
line with findings by Cupp et al. (1997) who
demonstrated that the number of plasmatocytes of
S. wittatum increased during the course of an
Onchocerca infection with a peak around 24 h p.i.

Our findings are very similar to observations made
by Pech & Strand (1995). They demonstrated that
RGDS-coated Sepharose beads rapidly
encapsulated (in vitro and in vivo) by plasmatocytes
from the moth Pseudopleusia includens whereas
granular cells were not. While both of these most
important cell types are able to adhere to surfaces
only plasmatocyte adhesion seemed to be specifically
RGD-dependent. Interestingly the RGDS inter-
fered with spreading of plasmatocytes at far lower
concentrations (2 mM) than observed for granular
cells (5 mm). RGES did have a slight effect on
adhesion on plasmatocytes at 2 mM but none on
granular cells. This compares well with our findings
on the effects of soluble RGDS on the survival of
microfilariae in their natural vector. Other studies
have suggested that cell adhesion in an RGD-
dependent manner is important for cellular immune
response of invertebrates (Johansson, 1999). Glass-
slivers coated with the peptide GRGDS induced
spreading of haemocytes of the crustacean Paci-
fastacus leniusculus (Johansson & Soderhall, 1989).
Haemocytes of snail Biomphalaria glabrata, inter-
mediate host of the human parasite Schistosoma
mansont, were significantly inhibited in their ability
to adhere when treated with the peptide RGDS
(Davids & Yoshino, 1998). Interestingly, the de-
pression of spreading was more effective in the
susceptible than in the refractory strain of B.
glabrata. Evidently the RGD-binding, integrin-like
receptors of haemocytes play a critical role in the
host defence of invertebrates other than blackflies as
well. Recently an intergrin beta-subunit was identi-
fied and cloned from haemocytes of P. leniusculus

(Holmblad et al. 1997).

were
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Despite the existence of a common adhesive RGD
motif, integrin ligands belong to many different
families of proteins amongst which are collagens
(Johansson, 1999). Collagens are part of the cuticle
of Onchocerca filariae (Henkle-Diihrsen, Liebau &
Walter, 1993), and some of those collagens are
important for the immune response in humans living
in endemic areas for river blindness (Garate et al.
1996; Stewart et al. 1997). It is therefore feasible that
haemocytes could adhere to the surface of intruding
Onchocerca microfilariae.

The strong correlation between the RGD-
dependent survival and apoptotic levels observed in
this present study would strongly imply the existence
of cytotoxic haemocytes. Cytotoxic effects, pre-
viously reported by other authors, were mediated by
reactive oxygen species, nitric oxide and/or other
humoral molecules such as antibacterial peptides
(Nappi & Ottavianni, 2000). Possible cytotoxic
effects on microfilariae during their in vivo exposure
to blackfly haemolymph appeared to be mediated via
serine proteases leading to apoptosis and could be
reversed by the generic caspase-inhibitor boc-D.
fmk, excluding potential necrotic mechanisms
(Hagen et al. 1998).

The circumstantial evidence so far of the direct
cytotoxic effects of haemocytes has to be confirmed
by more direct observations in vitro. Future work
will concentrate on the question whether or not
blackfly haemocytes have Natural Killer (NK) cell-
like effector functions (see Humphreys & Reinherz,
1994). Research will focus on identifying elicitor and
self-histocompatibility receptors on the haemocytes
surface. This area will be of major importance as NK
cell-like effector mechanisms, unlike in other in-
vertebrate taxa, such as earthworm (Cooper et al.
1999) have been not reported from insects so far
(Nappi & Ottavianni, 2000). We are confident that
blackflies are an important model for elucidating the
role of innate immunity in the context of parasitic
infections in invertebrates and vertebrates alike.
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