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Immunity in Aedes aegypti and the role of
antibacterial peptides in Brugia pahangi infection

Roderick Chalk
ABSTRACT

The synthetic insect antibacterial peptide, cecropin, was found to have
activity against Brugia pahangi microfilariae in an in vitro motility assay.
Synergistic activity between antibacterial peptides and lysozyme was found
against Escherichia coli strain D31. Based on this synergy, a new method
for assay of antibacterial peptides was developed which was 5-30 times
more sensitive than existing growth inhibition assays. When this assay was
used to study antibacterial peptides in Aedes aegypti haemolymph it was
sufficiently sensitive to detect activity in untreated individuals. The assay
was used to monitor haemolymph antibacterial activity following various
treatments. Intrathoracic inoculation of 10° E.coli D31 caused a 100-fold
increase in antibacterial activity. Increased activity over untreated insects
was apparent within 6 hours, maximal at 24-48 hours and was still apparent
10 days after infection. Inoculation of 20 B.pahangi microfilariae caused a
10-fold increase in activity which returned to basal levels after 3 days. The
responses of Brugia susceptible and refractory strains were found to be
similar. Inoculation of sterile medium produced no activity greater than in
untreated mosquitoes.

Antibacterial activity in pooled haemolymph from bacteria-inoculated
mosquitoes was examined using native PAGE followed by overlay of agar
containing bacteria. Antibacterial peptides were found to be basic in nature
and have a greater mobility than cecropin B. Haemolymph proteins induced
by infection were examined using tricine SDS PAGE. At least 25 proteins are
apparent, the majority coincide in molecular weight to those described from
a previous study. The dominant protein has a molecular weight of 63kDa.
A 4kDa haemolymph peptide which co-migrates with cecropin B was studied
further.

Reverse-phase HPLC was used to purify immune haemolymph, and
HPLC fractions assayed for antibacterial activity using the new method
described above. Three adjacent fractions were found to have activity and
partial amino acid sequence data was obtained for peptides in two of these.
One contains a peptide for which homology with existing molecules has not
yet been found. The second peptide shares 85% homology with insect
defensins, a family of potent antibacterial peptides known from 6 other
species and characterised by 3 intramolecular disulphide bonds.
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Chapter 1. INTRODUCTION

1.1 Eilariasis

In tropical countries mosquitoes and the diseases they transmit pose
a major threat to the health of the human population. Amongst these
diseases lymphatic filariasis is widespread, as shown in figure 1.1. The
causative agents are 3 species of sheathed filarial nematodes Wucheria
bancrofti, Brugia malayi and Brugia timori. Adults are found in the
lymphatics, and the females release large numbers of juveniles known as
microfilariae into the blood. Clinical manifestations of the disease are
complex, depending upon the species of parasite and other factors, but
involves fever, lymphoedema and in severe cases elephantiasis and death.
Effective treatment can be achieved by oral administration of the drug
diethylcarbamazine citrate (DEC). However, medical supervision is required,
and local eradication of the disease is problematic, having only be achieved
in a few instances.

In this study the mosquito Aedes aegypti (Linnaeus) has been infected
with the animal parasite Brugia pahangi (Buckley & Edeson), serving as a
laboratory model for human filariasis. The life cycle of B.pahangi is shown
in figure 1.2 and is similar to that of W.bancrofti, B.malayi and B.timori. It
can be seen that a series of moults are undergone as the parasite develops
in its mosquito host, increasing dramatically in size. However, unlike
Plasmodium or Arbovirus infections in mosquitoes, the infective agent does
not multiply. The microfilarial stage of B.pahangi infective to mosquitoes is

shown in figure 1.3.



Wuchererio bancrofti

Figure 1.1 The distribution of human lymphatic filariasis (taken from

WHO, 1987).
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Figure 1.2 Brugia pahangi life cycle (taken from WHO,1987)



1.2 Aedes aegypti.

Aedes aegypti is sometimes referred to as the yellow fever mosquito
an is illustrated in figure 1.4. Aedes aegypti has increasingly become
adapted to the habits of man and is now predominantly an urban mosquito,
typically breeding in water filled artificial containers. It is a diurnal species
with man as the preferred host, biting and resting afterwards outdoors. Eggs
are laid in moist crevices at the water’s edge, where they become dormant
and highly desiccation resistant after a conditioning period of 2-3 days. Eggs
conditioned in this way remain viable for at least a month, many surviving
longer. These characteristics have contributed to the cosmopolitan
distribution of the species as shown in figure 1.5.

Aedes aegypti can be easily colonised in the laboratory and can
be stored and transported as desiccated eggs. It was one of the first
mosquitoes to be extensively studied in the laboratory because of this and
its importance as a yellow fever vector. In addition to yellow fever, the
species also transmits the viral agents of dengue and dengue haemorrhagic
fever, and is a vector of Dirofilaria immitis the dog heartworm. In the
laboratory Ae.aegypti is a model host for the filariae B.malayi, B.pahangi,
D.repens and the fowl malaria Plasmodium gallinaceum. It has also been
used for studies of mosquito physiology and has proved amenable to genetic
analysis by classical means, 77 genetic loci having been identified at present
(Munstermann 1989).

1.3 Novel methods for the control of mosquito-borne disease.

There are a number of major obstacles to the control of mosquito-



Figure 1.3 Brugia pahangi microfilariae

Figure 1.4 Aedes aegypti female taking a bloodmeal.



Figure 1.5 The geographical limits of distribution of Aedes aegypti (taken

from Christophers, 1960).



borne diseases. There are no effective vaccines for malaria or filariasis. Drug
resistant forms of malaria are now common, as are insecticide resistant
mosquitoes. When this is combined with increasing populations, urbanization
and poverty, global eradication programmes are often seen as unrealistic.
New approaches to disease control are now being actively pursued, and
attention has shifted away from chemical means of vector control towards
biological methods. Any programme of vector control requires detailed
knowledge of the epidemiology of the disease and the ecology of the vector.
Whether a mosquito species is a vector of disease or not depends upon both
its physiology and behaviour. The relationship between mosquito physiology
and disease transmission and the mechanism by which mosquitoes are
susceptible or refractory has not been elucidated for any disease. There
exists, therefore, a yawning gap in our basic understanding of transmission
of mosquito-borne disease. If the molecular basis of refractoriness can be
found, this knowledge has at least 2 potential uses. Firstly molecular probes
can be developed for determining the vectorial capacity of wild-caught
specimens without the need for experimental infection. Secondly, WHO
(1991) recommended research into the molecular basis of vectorial
competence as one of the means to achieving a refractory genotype by
genetic transformation of the vector. A vector manipulated in this way could
be used to replace the natural population.

1.4 Other potential benefits.

Leaving aside issues of mosquito-borne disease, there are other

potential benefits in the study of the immune mechanisms of insects. Whilst



eukaryote transgenic technology is still in its infancy, the same is not true
for bacteria. If the mechanisms by which insects protect themselves against
bacterial infection are known, it may be possible to use this knowledge to
design new biological control agents to which insects have no defence. The
immune system of insects is in several respects fundamentally different to
that of vertebrates, and insect immune proteins represent an untapped area
in the search for new therapeutic agents. Finally, since insects and
vertebrates ultimately share a distant common ancestor, there are aspects
of their immune systems which are similar. Study on insects may shed new
light on aspects of the mammalian immune system which have thus far been

overlooked.



Chapter 2. INSECT IMMUNITY

2.1 General considerations.

It is probable that all metazoan animals have evolved an immune
system of some kind. The presence of more than one cell type creates a
need for the organism to recognise and coordinate with its own cells (self)
and to reject or isolate those of other organisms (non-self). There are
essentially 3 elements to immunity. Two key elements are the ability to
recognise self from non-self, and a capacity to destroy or isolate non-self
once this has been achieved. The third, simplistically, can be described as
physiological incompatibility between the organism and pathogen or
parasite, but will not be discussed further here.

In terms of species diversity, insects are the most successful of all the
terrestrial animals, and it should come as no surprise that they have evolved
efficient immune mechanisms to match their needs. When making
comparison between immunity in insects and vertebrate immunity, it should
be remembered that differences must in part be due to differing needs, as
well as different phylogenies. In comparison with vertebrates, insects in
general are small, numerous and short-lived. Theirimmune systems are likely
to reflect these differences. For example, the long term immunological
‘'memory’ lasting years and involving clonal selection out of millions of
lymphoid cells would be pointless for most insects. Most would be too small
to accommodate sufficient cells and would not live long enough to
encounter the same pathogen twice (Klien, 1989). Taking a contrasting

example, insects, with a small body and an open vascular system, the



haemocoel, would succumb within hours to microbial attack once the body
wall was breached. To counter this, insects generally require immune
responses which are rapid and effective against a broad spectrum of
potential pathogens.

It is generally believed that the immune system in insects differs to
that of vertebrates in that the ability to recognise self from non-self is
strictly limited. It has been known for some time that successfull grafts
could be taken from one insect on to another of the same species, an
allograft. Carton (1976), Thomas and Ratcliffe (1982), and Lackie (1986)
showed that rejection of xenografts by insects did take place, but was
dependant upon the degree of evolutionary relatedness between donor and
recipient species. The more distant the species the more likely rejection of
the graft. More recent work by Karp et al. on the cockroach Periplaneta
americana has cast doubt upon the interpretation of earlier studies which
relied upon morphological criteria to assess graft rejection (reviewed by
Karp, 1990). When histological assessment of grafted tissues was made,
using destruction of the subcuticular epidermal layer as the criterion for
rejection, it was found that 92% of allografts were rejected after 7 days. It
is not yet clear whether the same phenomenon is present in other insect
orders, and it should be remembered that the immune response of
Dictyoptera differs from that of Lepidoptera and Diptera in certain respects.

Another fundamental difference with vertebrates is the heavy reliance
of insects on mechanical barriers to infection. Insects lack the extensive

mucous membranes used by vertebrates for chemical exchange with the



environment. Instead, cuticle of varying thickness completely surrounds and
protects the soft tissues everywhere, except in the midgut where the
environment can be controlled. Even here some insects are known to secrete
a chitinous peritrophic membrane around the meal, and this is thought to
have some protective function.

2.2 The cellular immune response.

Insect immunity can be conveniently divided into the cellular and
humoral responses. In reality the two are probably closely interrelated. The
cellular immune response is brought about by haemocytes, populations of
mobile immune cells within the haemocoel. Cellular immunity has been
extensively reviewed elsewhere (eg. Gupta, 1986). Briefly summarised,
haemocytes are responsible for:-

a) Phagocytosis of small foreign particles, or

b) Encapsulation of larger particles involving layers of haemocytes.

c) Release of stored cellular material in the vicinity of non-self or a

wound, a process known as degranulation.

d) Coagulation around areas of cuticular damage in some species.

In addition, there are other sessile immunocytes which participate in
the cellular immune response. In Locusta migratoria the reticular cells of the
haemopoietic organ engulf invading bacteria, rather than circulating
haemocytes (Hoffmann et al.,1979). Haemocytes are thought to be
important in the process of recognition and thence in the control of the

immune response. Clearly they are a major component of the immune



system in all insects except those where haemocyte numbers are low, as is
the case in mosquitoes.

2.3 The humoral immune response.

Humoral immunity does not involve the direct participation of
haemocytes. The existence of immune factors in cell-free haemolymph of
insects previously injected with bacteria has been known for at least 3
decades (reviewed by Chadwick & Aston, 1979).

2.4 Hyalophora cecropia, as a model system.

Extensive studies of humoral immunity over the last decade or so

have been confined to relatively few insect species. These are:-

Hyalophora cecropia - the giant silkmoth

Sarcophaga peregrina - a large flesh fly

Phormia terranovae - a large blowfly

Manduca sexta - the very large tobacco hornworm

Drosophila melanogaster - the fruit fly

Of these species H.cecropia stands out as the best laboratory model
for studies in immunity and is still the species about which most is known.
H.cecropia has been particularly productive for a number of reasons:-

a) Its large size, 5-10g, yielding 1-2ml of haemolymph from the pupae

(Boman et al., 1986).
b) Its ease of laboratory maintenance.

c) The existence of a diapausing stage in the pupae.



This final point is important because in this stage protein synthesis is
reduced to very low levels. Challenge of the pupae with bacteria induces
synthesis only of immune proteins which can therefore be identified by
metabolic labelling. Hence immune proteins could be isolated whose function
was initially unknown (Hultmark, 1982). Pioneering studies using this insect
began in the late 1970s in the laboratory of the Swedish microbiologist Hans
G. Boman. Initial success in isolating immune proteins with an antibacterial
function stemmed from the use of £.co/i mutant strains D21, D22 and D31
as indicator bacteria, which were particularly susceptible to killing by
H.cecropia immune haemolymph. Also in this laboratory, Dan Hultmark and
co-workers developed 4 basic techniques for bioassay of these proteins
(Hultmark et al., 1980; Hoffmann et al., 1981), viz.

a) A lysis assay which measures changes in optical density in a

suspension of susceptible bacteria.

b) A killing assay, where bacteria are incubated with haemolymph

fractions and then plated-out to obtain a viable count.

c¢) An inhibition zone assay, a standardized and rapid version of the

killing assay requiring minute amounts of material.

d) An agar overlay technique for detection of proteins physically

separated by electrophoresis.

Based on these bioassays, techniques for the large-scale purification
of pooled haemolymph were developed. Once pure preparations of
antibacterial protein were produced, they were subjected to amino acid

sequence analysis, and for the peptides, sequence confirmed by solid-phase



synthesis. From this information, oligonucleotide DNA probes were designed
and used to isolate the first insect immune genes (Boman et al.,1986). This
then opened the way for study in other species and led to the rapid
expansion in the field since 1988.

Insect immune proteins whose biological activity is known are shown
in table 2.1 where they are classified into 4 broad groups based on function.
These are:-

a) Proteins involved in melanization.

b) Proteins with a known binding capacity.

c) Proteins involved in cytotoxic killing.

d) Other proteins with demonstrable biological activity, but whose

function is unclear.

Discussion of humoral immune proteins has been limited to those with
unambiguous biological activity, most of which have been purified to
homogeneity, subjected to amino acid sequencing or have been cloned.
Lectins, whose presence has been inferred by the blocking of agglutinating
activity by specific sugars, have deliberately been omitted. This was done
because of the difficulty in interpreting this type of experiment, the
conflicting results occasionally obtained, and the fact that the heterogenous

nature of lectins makes generalizations about them as a class rarely possible.

2.5 Proteins involved in melanization.

Melanization, the process of hardening and darkening and deposition

of a black pigment, thought to be melanin, is commonly observed around
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Table 2.1 f ind nd related in immun
(see text for references)
PROTEIN kDa ORIGIN FUNCTION COMMENTS
Pro- 60-87 | Ubiquitous Melanization Involved in encapsulation
phenoloxidases and wound healing
PPO-activating 43-53 | Ubiquitous Activation of Part of activation cascade
proteases melanization and amplification
PPO protease 14-53 | Ubiquitous Suppression of Prevents uncontrolled
inhibitors melanization activation
Lectins Up to | R.prolixus LPS-binding, P.americana LPS-binding
450 S.peregrina recognition ? protein is a glycosylated
Widespread C-type lectin
Hemolins 42-48 | H.cecropia Binds to bacteria, Immunoglobulin like,
M.sexta haemocyte forms protein complex on
E.kuhniella modulation bacterial surface
CIF 65 H.cecropia Binds to operator Cytoplasmic, induces
DNA immune transcription
Lysozymes 14-23 | Widespread Lytic, anti-Gram May be multifunctional,
+ve not always present
Cecropins 4 Lepidoptera Lytic, broad Potent activity, widespread
Diptera spectrum anti- in Lepidoptera and
Gram +ve and -ve Diptera; also isolated from
pig intestine
Andropin 4(est) | D.melanogaster | Lytic, anti-Gram Male reproductive tract
+ve
Insect 4 7 species, from | Lytic, mostly anti- May occur in the absence
defensins 4 insect orders | Gram +ve of lysozyme
Attacins 20-28 | H.cecropia Static, restricted Late induction; inhibits
S.peregrina anti-Gram -ve outer membrane protein
G.mositans m. synthesis, interfering with
cell division.
Diptericins 8-9 2 dipteran spp. | Static, anti-E.coli Pro-rich and G-like domain
Coleoptericin 8 Z.atratus Lytic, anti-Gram -ve | Glycine-rich
Abaecin 4 A.mellifera Static, broad Pro-rich and G-like domain
spectrum fragment
Apaedecin 2.1 A.mellifera Static, broad Proline-rich
spectrum
Paralytic 2.5 3 lepidopteran | Paralysis on re- Release stimulated by
peptides species injection bleeding, function unclear
Phospholipase C | ? G.mellonella Protein release ? Induced following infection
Inducible 90- Simulium spp. Unknown Induced following infection
proteases 110




Key to abreviations used in table 2.1

CIF

LPS

Pro-rich

PPO
A.mellifera
D.melanogaster
E.kuhniella
G.mellonella
G.morsitans m.
H.cecropia
M.sexta
P.americana
R.prolixus
S.peregrina

Z.atratus

Cecropia immunoresponsive factor
Lipopolysaccharide
Proline-rich

Prophenoloxidase

Apis mellifera

Drosophila melanogaster
Ephestia kuhniella

Galleria mellonella

Glossina morsitans morsitans
Hyalophora cecropia
Manduca sexta

Periplaneta americana
Rhodnius prolixus
Sarcophaga peregrina

Zophobas atratus



non-self material in insects. Melanization appears to be a ubiquitous process
amongst arthropods, although the principal enzyme is of a different type to
those causing melanization in plants (S6derhall & Smith, 1986). Melanization
is an integral part of the maturation process of newly-formed cuticle (Prior,
1940) and is involved in the wound-healing response. According to Ashida
and Dohke (1980), a melanization activating protease is present in the
cuticle of Bombyx mori.

The key element of melanin synthesis is the enzyme phenoloxidase
(PO), which catalyses conversion of dihydroxyphenylalanine (DOPA) and
tyrosine to melanin via toxic quinone intermediates which act as cross-
linking reagents. Phenoloxidase is always stored in an inactive form,
prophenoloxidase, and is the terminal enzymic element in the activation
cascade shown in figure 2.1.

Activation can occur by the presence of certain microbial
components, or by other agents such as SDS or bleeding and may occur at
a number of points in the cascade (S6derhall & Smith, 1986). The activation
cascade means a small amount of activator will produce a 3-stage
amplification of the normally inactive enzyme. The reaction products of PO
are thought to be toxic, not just to the invading organism, but also to the
host. Beresky and Hall (1977) showed that when PO was inhibited by
phenylthiourea (PTU) in Ae.aegypti infected with the nematode
Neoaplectana carpocapsae, PTU-treated individuals had significantly lower
mortality than non-PTU controls. This suggests that activated PO was a

cause of mortality, rather than pathology caused by the parasite itself. The
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(Chymotrypsin specific)
-ve +ve
90kDa plasma glycoprotein rine protease | serine protease |
S?alcli\lre ) (inactive ?)
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e inhbitor 1
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PPO activating protease -

(serine protease Il, 43kDa, active (serine protease II, 53kDa, inactive?)
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Figure 2.1 Proposed mechanism for the prophenoloxidase activation cascade in insects.
(Based on source material from Lackie, 1988; Soderhall & Smith, 1986; Brehelin
et al, 1991, Soderhall et al, 1988; Andersson et al. 1989 and Saul & Sugumaran
1989)



toxicity of PO to its host and the danger of uncontrolled activation is
evidenced by the presence of specific inhibitors of the PPO cascade in insect
haemolymph (Andersson et al., 1989; Brehelin et a/.1991).

There is some doubt as to whether PPO is a haemolymph protein or
whether it is confined to haemocytes. PPO has been demonstrated in
granulocytes (Rizki & Rizki, 1959), whereas other workers have claimed it
resides in the haemolymph. Part of the difficulty lies in whether or not
haemolymph can be obtained from an insect without causing degranulation
of PPO-containing cells. According to Boman and Hultmark (1987), induction
of PPO has not been observed in any insect species. The appearance of
active PO seems to be solely a result of degranulation and activation of
stored PPO. [Throughout this thesis protein induction is used in its strict
biochemical sense to mean an increase in protein concentration resulting
from increased transcription of the gene. The reverse process is repression,
and a protein can either be constitutive or inducible.] There is evidence that
PO levels in the haemolymph of the mosquito Armigeres subalbatus are
actually depleted by infection (Shih & Chen, 1991).

Soderhall and Smith (1986) argued that the selectivity of this
activation process is the mechanism whereby insects can determine non-
self. Evidence to support this is described by Brookman et al.(1988) who
used an in vitro phagocytosis assay incorporating Galleria mellonella
haemocytes. Laminarin, a PPO activator, was found to enhance the rate of
phagocytosis of human erythrocytes, but lamarin itself was not acting as a

opsonin, since pre-treatment of erythrocytes with lamiarin failed to produce
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the same response. Laminarin-activated haemocyte lysate preparation
containing components of the PPO system also enhanced the rate of
phagocytosis, whereas non-activated preparation or laminarin alone did not.
This suggested an opsonic role for a component of the activated system.
The sticky proteins produced as a product of PPO activation have also been
proposed as opsonins (Leonard et a/.1985). However, recently Rizki and
Rizki (1990) have called the role of PPO as the mediator of non-self
recognition into doubt. They took mutant strains of D.melanogaster deficient
in phenoloxidase and infected them with eggs of the parasitoid Leptopilina
boulardi, and compared them with the same infection in other Drosophila
strains. Significantly, the parasitoid eggs were still encapsulated in the PO-
deficient strains, but the cellular capsules did not melanize and harden. They
concluded that phenoloxidases are not essential for non-self recognition in
this insect. In the blackfly (Simulium sp.) melanization of nematodes has not
been recorded (Ratcliffe & Rowley, 1979) yet these parasites can be
effectively killed in vitro in the absence of haemocytes (Ham et al., 1988).

2.6 Proteins with a known binding capacity.

This category can be sub-divided into lectins, hemolins and DNA-
binding proteins.

2.6.1 Lectins

Lectins are proteins which bind in a specific manner to carbohydrate
moieties. They are an extremely diverse group of molecules isolated from a
wide range of animal and plant sources, and with only limited structural

homology between certain groups. Lectins are suspected to be constitutive
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components of the haemolymph of many insects. Lectins have been
demonstrated in the midgut and crop of Rhodnius prolixus as well as the
haemolymph (Pereira et al., 1981).

A lectin of a different type was described in haemolymph of
S.peregrina by Komano et al.(1980). This protein is constitutive at low
levels, but is also inducible, not just following bacterial infection, but also
sterile injury to the body wall. This large (190kDa) protein was found to
consist of 4 large and 2 small but related subunits, and to be specific for
galactose. Whilst having no cytotoxic activity of its own, it possessed a
number of interesting properties:-

a) Expression was developmentally regulated and occurred during
embryogenesis and in the pupal stage in addition to being induced
by infection and injury.

b) The lectin participated in the elimination of injected red blood cells
from sheep.

c) Whilst it was not technically possible to carry out the desired
experiment on haemocytes, the lectin was found to induce

production of cytotoxic proteins in macrophage cells of mice.

Similar lectins have now been isolated from 4 other species.

Jomori et al.(1990) purified a lipopolysaccharide(LPS)-binding protein
from haemolymph of Periplaneta americana with a calcium dependant
affinity for the hexose core of E.coli K12 LPS. This even larger(450kDa)

protein was made-up of identical 28kDa subunits. Subsequently, it was
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found to have homology with C-type lectins from mammals. The mRNA for
this protein increased following bacterial infection, and it is assumed to be
an acute phase protein (Jomori & Natori, 1991).

The role of haemolymph lectins as opsonins (molecules which
recognise and bind to foreign material causing an increase in the phagocytic
capacity of haemocytes) had been postulated for some time. This was as a
result of the absence of known alternative molecules with the required
binding capacity. Confirmation of this role has been described for the
galactose-binding lectin found in larval haemolymph of Spodoptera exigua
(Pendland et al., 1988). In this study blastospores from two entomophagous
fungi were demonstrated to have exposed galactose residues by binding of
fluorescein isothiocyanate-labelled peanut agglutinin. Treatment of S.exigua
granulocytes with either haemolymph with known agglutinating activity or
the purified agglutinin itself caused attachment or phagocytosis of
blastospores, which could be inhibited by galactose. Blastospores from a
third fungus without exposed galactose residues were treated in the same
way but failed to bind to the granulocytes. /n vivo, blastospores with
exposed galactose residues were readily phagocytosed, whereas those
without were not. This is taken as a clear demonstration of the lectin acting
as an opsonin in this instance. Provided there are no similar binding sites on
the surface of S.exigua’s own cells, this would provide one mechanism for

non-self recognition.
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2.6.2 Hemolins

A new functional class of immune proteins was described by Sun et
al.(1990) which are known to bind to the surface of bacteria and form a
complex with other proteins. The H.cecropia protein which they named
hemolin, had in fact been known for a decade as P4, the dominant infection-
induced protein for which no activity had previously been found. H.cecropia
hemolin is a 48kDa protein with structural domains homologous to Ig
domains, and is regarded as belonging to the immunoglobulin superfamily.
Ladendorf and Kanost (1991) identified a hemolin in M.sexta which was
shown to bind to the surface of haemocytes and inhibit their aggregation in
vitro. Hemolin is the first inducible haemolymph protein to be shown to
interact both with non-self and with cellular components of the immune
system.

In another lepidopteran species Ephestia kuhniella, Berg et al.(1988)
found a bacteria-inducible 42kDa protein which appears to be analogous to
the hemolins (Schmidt & Theopold, 1991). Synthesis occurs in the
haemocytes and the protein is secreted into the haemolymph. The protein
also adheres to the basal lamina of the fat body. Interestingly, this protein
cross-reacts with antibodies raised to proteins from the virus-like particles
(VLPs) of the parasitoid wasp Venturia cranescens (Feddersen et al.,1986).

These VLPs are produced in the calyx fluid of the female wasp and coat the
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surface of her eggs which she oviposits into larvae of the host species
E.kuhniella. These VLPs have been shown to inhibit the encapsulation
response of the host. This seems to be an example of molecular mimicry
between proteins of a parasitoid and the immune proteins of its host, and
resulting failure of non-self recognition.

2.6.3 DNA-binding proteins

A new and exciting development in insect immunity has been the
identification of a class of immune proteins with a DNA-binding function
(Sun & Faye, 1992). When pupae of H.cecropia are induced, a precursor
protein in the cytoplasm becomes activated in a manner which does not
involve protein synthesis. The active protein, named cecropia
immunoresponsive factor (CIF, mol.wt. 50-70kDa) is then translocated into
the nucleus. CIF appears to be a transcription factor which binds to the xB-
like sequences which are common to the promoter regions of H.cecropia
immune genes. The appearance of CIF coincides with the induction of a
suite of haemolymph immune proteins, except for cecropin D which does
not share the xB-like promoter sequence and which has a different pattern
of expression. DNA-binding proteins have been identified using
electrophoretic mobility shift assay (EMSA) which monitors mobility changes
as protein binds to DNA; and photoreactive DNA probes for DNA-protein
crosslinking. CIF is thought to be structurally related to the mammalian
nuclear factor NFxkB which regulates immune, inflammatory and acute phase
responses.

Shiraishi and Natori (1989) described a humoral factor which was
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