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SUMMARY

The current state of myiasis vaccine technologies are reviewed mainly in the primary research
genera of Lucilia and Hypoderma. The importance of myiasis flies as primary causes of
morbidity and mortality in agricultural species and man has not diminished despite the
existence of good control strategies. However, the development of vaccines against myiasis
infections has been relatively quiescent for more than ten years despite the rapid development
of genomic and proteomic analysis and of skills in data interpretation. The value of vaccine
research in an era of chemical primacy is analysed. In fact, recent findings of drug resistance
and the impact of animal welfare concerns should mean a renewed interest in alternative
controls. The reasons that this has not been true to date are explored and new possibilities

discussed.

Keywords. Myiasis, Vaccines, Immunology, Sheep Blowfly, Lucilia, Hypoderma, Warble

Flies, Bot Flies, Mulesing, Vaccine antigens.
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INTRODUCTION

Myiasis infections are caused by the larvae (maggots) of a range of blowfly species with
various consequences for the host. Generally the species can be divided into three groups
based on their pathology including those causing skin infections to various depths (cutaneous
myiasis) those infecting body orifices and the gastrointestinal tract (bot flies) and those which
infect and often migrate subcutaneously (the warbles). The bots and warbles are members of
the Oestridae while the skin infecting flies are largely Calliphoridae though a few
Sarcophagidae are also active. A large range of species engage in parasitism though only a
few are obligate parasites. Genetic analysis suggests that obligate parasitism has evolved on a
number of occasions among the Calliphoridae while the Oestridae are a monophyletic group
of obligate parasites '. The most important species with respect to human and domestic
animal health include Calliphoridae such as Lucilia spp - sheep blowflies; the screwworms -
Cochliomyia and Chrysomya spp and the Sarcophagid, Wohlfahrtia magnifica; while the
Oestridae include Oestrus ovis — nasal flies; Gasterophilus spp— horse bot flies; Dermatobia
hominus - human warble fly and Hypoderma spp — warble flies >. A range of other flies can
infect the skin or body orifices of debilitated or moribund animals and humans or cause
secondary infections but many of these are opportunistic carrion flies with less economic but

significant individual effect.

The two major infections that have been the subjects of most research efforts for novel
controls and a better understanding of pathology and immune reactivities, are the sheep
blowflies, Lucilia cuprina and L. sericata and the warble flies, Hypoderma bovis and H.
lineatum. These species mainly infect sheep (Lucilia) and cattle (Hypoderma) respectively
and cause significant pathology and mortality in the case of Lucilia *, while Hypoderma
causes morbidity and losses including damage to hides *. Other species can cause significant

disease in various hosts in specific areas including the screwworms especially in South
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America; though the success of the sterile insect release in the USA and Central America has
limited the range of Cochliomyia °. The old world screwworm is Chrysomya bezziana and
some vaccine work has been undertaken, mainly as a result of this species’ threat of invasion
of the Australian mainland from the Indonesian archipelago leading to vaccine funding in the
early 2000s. Much more widespread but similarly under utilized in research efforts are the
common bot flies such as Oestrus and Gasterophilus and a range of other species that effect
livestock and wild animals worldwide. Work on these species is limited but has included
some analysis of pathology and basic vaccine responses *"*. Finally work on Dermatobia has
been very limited but promising while the wonderfully named Wohlfahrtia magnifica, which
may be expanding its range in Europe, Africa and parts of Asia ° and causes significant losses

in a wide range of livestock including camels '° is relatively untouched.

Control of all these infections has been and still is, reliant mainly on chemical insecticides
though management strategies are also important for the sheep blowfly to allow control in
extensive grazing situations ''. The reliance on insecticides and the inexorable rise of drug
resistance to most classes of insecticide, has driven the search for alternative control
mechanisms including the use of genetic, biological and immunological technologies '>. The
other more recent driver particularly for sheep blowfly control has been animal welfare

concerns around the mulesing operation and to a lesser extent tail docking "> '*

. Mulesing is
the surgical removal of the wool bearing skin on either side of the vulva which regrows as
bare skin and is thus much less subject to urine and faecal staining '°. This can reduce the
chance of blowfly strike around the tail by over 60% " but it is undertaken without
anaesthetic and has thus been targeted by PETA (People for the Ethical Treatment of

Animals) and others as a major animal welfare concern'®. As a result the wool industry in

Australia is keen to phase out the use of this procedure .
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A recent and perhaps surprising direction for pathological and immunological analyses
especially of the blowfly Lucilia sericata is the use of the maggots for wound debridement
and infection control, particularly in Europe '’. This work has been driven by the appearance
of multiple drug resistant strains of various bacteria and the need to treat a range of wounds
that are refractory to the more usual treatments '*. The maggots are placed in the wound
either directly or more usually contained in fine net bags and their secretions clean out the
eschar and reduce the bacterial load to encourage healing '°. The success of this approach has
resulted in a more detailed analysis of the larval secretions and an analysis of the site of
application on the host to better understand the cleaning and healing response. There is also
an effort to isolate particular enzyme and anti-bacterial activities to enable the development of

new treatments 17.

Analysis of immune and inflammatory responses against Hypoderma and the sheep blowfly
began in the 1970s ***'. However, a concentrated effort to develop vaccines was coincident
with the development of recombinant technology and the ability to carefully dissect host
pathological and immune responses to maggots and their components. This technology led to
work on both natural antigens — exposed to the host during infection and hidden antigens —
only exposed to the host via vaccination but accessible to host immune attack. As with most
complex metazoan parasites the extracts of larvae initially tested for vaccine effects were not
particularly effective ** though the work on Hypoderma was always more rewarding than

similar studies on the sheep blowfly .

To explain this difference and the quite different results that are explored later in this review a
short examination of life cycles and host reactions is necessary. Sheep blowflies lay their

eggs communally on stained or wet wool allowing the larvae to establish on the skin ***°

, they
then degrade the epidermis ** which causes an exudative wound that spreads as the larvae
g p p

grow until it can cover a significant fraction of the animal’s skin. This wound results in water
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loss as the larvae inhibit coagulation and release a range of active enzymes and other toxins
2617 Depending on the size and health of the host around 1000 larvae (approx. five female
egg masses) can have significant negative effects on sheep health *’. Female flies are
attracted to ovipositing females and recently laid eggs, as a result, one egg mass can soon be
joined by number of others causing rapid morbidity and mortality in a significant percentage
of a flock *. To date there have been no studies that show any consistent resistance to repeated
infections > though there are certainly animals that are resistant to infection and it is possible

to breed resistant animals by direct selection *°.

The warble flies show quite a different infection strategy and resultant host response. These
flies lay their eggs singly or in groups of up to twenty on the skin surface usually on host hairs
%% The larvae hatch and penetrate the skin, then migrate into the deep tissues of the body
where they ‘rest’ and grow for a period of several months before migrating to their site of
predilection usually the back of the bovid host *'. Here the host forms a warble or lump with
a central hole to the surface through which they respire *'. On reaching larval maturity after
about a month, they leave the host through the hole and drop to the ground to pupate. The
host usually shows significant resistance to the larvae after the first season of exposure and
this is further enhanced after subsequent exposures. Thus fewer warbles are seen on older

. 32,33
animals “7°.

A number of other infections have been analysed for host immune activities and these will be
discussed in the article but the clear majority of work has involved the species described
above. It is also interesting that despite the quite different outcomes in terms of the
application of these immune studies to each of these infections, the current controls for both

forms of myiasis are still reliant on the technologies developed in the 1970s.
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SHEEP BLOWFLY INFECTIONS
Overview

A study of the immune response to blowfly infections in sheep spans over 35 years of
research in which a range of observations have been reported in the literature '****°. Despite
these observations it is clear that we still know comparatively little about the detailed immune
responses induced by larvae upon primary and subsequent infections of the host. Furthermore
we know even less about the changes that take place in the larvae themselves in response to
their environmental stimuli. Clearly it is only through a greater understanding of this intricate
relationship that we can attempt to better manage this important ectoparasite especially if the
aim is to develop an effective prophylactic vaccine or other immune based intervention

strategies.

This section of the review will focus on the literature associated with describing the immune
response in sheep to the sheep blowfly. Specific areas addressed will include the humoral and
inflammatory response of the host to the larvae and the implications for the development of
immunity, immunosuppression, host response to vaccination and impediments to vaccine
development. Commentary will also be made on the development of new technologies and

approaches to identifying possible vaccine targets.

The humoral immune responses to infection was first reported back in the early 1980’s *® and

several groups have further investigated the nature of both the systemic and local humoral

28,37-41

response during infection . These humoral responses have been shown to be directed

2% and the salivary antigens >’ following natural infection.

against E/S products of the larvae
While the response has been characterized by the production of IgG ***! with subsequent

analysis identifying a number of isotypes including IgG1, 1gG2, IgA and IgM ** and IgE *

with the primary isotype being identified as IgG1 *.



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

Along with the humoral responses a series of studies also investigated the cellular immune

responses occurring during infection with the larvae ***°

. The responses following both
primary and secondary infections are characterized by massive cellular infiltrations within 48
h of wound initiation, with the majority of cells having the CD45 phenotype and neutrophils
comprising the major cell type at the skin surface. Other phenotypes reported in the skin of
flystruck sheep included CD1+ Langerhans’ cells, CD4+ T helper, y3-TCR+ cells and T19+
(CD4—, CD8-) T cells ****. Changes noted in local cytokine responses in the skin and
draining lymph nodes **** included increases as detected via RT-PCR, in expression of IL-1a,
11-1p, IL-8 and in IL-6 via northern analysis *°. For a more detailed review of the cellular

events occurring following blowfly larval infections refer to the review by Elkington and

Mahony **,

Based on the descriptions of the cellular responses it is clear that a complicated series of
inflammatory events occur during flystrike infections. While the findings might not be too
surprising given the nature of the acute insult to the skin by the larvae, an important question
is whether this knowledge provides some insight firstly into explaining the lack of a
protective acquired immune response to the larvae and/or whether it might provide important

clues into the development of a vaccine against the larvae.

Inflammation versus immunity

Previously the composition of the cells that infiltrate the site of infection was briefly
described as comprising neutrophils, eosinophils, macrophages and lymphocytes of which
CD4 and yo6-TCR+ make up a large proportion of the infiltrating lymphocytes. Associated
with this knowledge is the finding that sheep are able to mount a variety of hypersensitivity

responses post challenge to larval antigens with some of these responses notably immediate-
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type and Arthus responses bearing some correlation with partial acquired resistance to the
larvae **. An important point to note is that while it has been possible to demonstrate partial
protection to the larvae in an experimental setting following repeated larval challenge, it is
still not clear what key components of the immune system are contributing to this transient
immune response. Furthermore, the apparent lack of protective immunity to the larvae in the
field provides strong evidence that whatever immune responses are induced by the larvae they
are either irrelevant or not of sufficient magnitude to control the larvae during natural
challenge in an outbred flock. The reference to outbred flocks is interesting based on the
significant amount of research conducted on the Trangie line of sheep that had been selected
for resistance/susceptibility to fleece-rot and flystrike since 1974 *'. One key finding from
these sheep is that under natural flystrike conditions in one year old sheep it was reported that
19% of sheep classed as susceptible suffered body strike compared to only 1% of the resistant
flock *'. Further analysis of the hypersensitivity response to larval excretory/secretory
proteins reported a more sustained hypersensitivity response in rams selected for innate
resistance (R) compared to the susceptible (S) rams . It was also suggested that this
difference in hypersensitivity response implied a genetic difference between flocks which
could possibly be used for selection of resistant animals. These R versus S sheep were also
monitored for a range of molecules present in exudates collected at varying times from
flystrike wounds. Significant differences were detected in the exudate compositions for
Complement C3, a fragment of IgG, al-antitrypsin and for a range of unidentified peptides
and it was suggested at the time that the more rapid exudation of acute-phase and serum
proteins at infection sites on R sheep may allow the inhibition of the establishment of fleece
rot bacteria or L. cuprina larvae under natural challenge *'. The Trangie flock may therefore
harbor important information on the innate response to challenge infection with the larvae in

the field. How to translate these responses or assess their importance to outbred animals is a
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difficult question to answer, however given that a variety of responses had been documented
some of which correlated with protection and coupled with the finding that sheep can show
resistance to natural challenge drove research into the direction of exploring vaccination as an

alternative to chemical control of this parasite.

Vaccine responses

Over the years a number of vaccination strategies have been investigated using a wide range
of larval antigens, reviewed by Elkington and Mahony **. The basic premise for vaccination is
to induce an immune response in the host that would inhibit larval growth and ultimately
survival. Ideally such an approach would result in a reduced dependence on insecticides
providing protection over critical periods during the season when flies are most prevalent. A
number of reports identified the production of serum antibodies to various larval antigens post
vaccination and subsequent anti-larval growth effects in vitro >*°' however these results
generally did not translate into significant protection following implants with first stage larvae
in vivo. The reasons for this apparent inability to translate in vitro effects to the in vivo
situation were suggested to include insufficient antibody titres present in the skin, the
degradation of IgG at the wound site and the time required to reach peak antibody titres in the
sera *"%% In contrast to the reports where vaccination failed to illicit a protective response in
vivo, was the study by Bowles ef al °* in which vaccination with four partially-purified
antigens induced an 86% (Trial 1) and a 67% (Trial 2) reduction in the incidence of strike
compared to unvaccinated controls. In addition, larvae recovered from vaccinated animals
(Trial 1) were up to 85% smaller than their control counterparts. It was also noted that

antibody titres from the protected sheep failed to correlate with protection which is not

inconsistent with previous efforts to correlate protection with antibody titres. However, what

10
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was very interesting was the presence of cellular foci described at the site of challenge in
protected animals, which consisted of CD1+ Langerhans’ cells, CD4+ T helper and y3-TCR+
cells, and these foci may have provided an early immune response upon larval challenge in
primed animals that significantly affected the ability of the larvae to successfully establish®.
While delayed-type hypersensitivity responses (DTH) were also measured post larval

implantation this parameter did not correlate with protection.

Inhibitors of immune control - immunosuppression

Producing an effective vaccine against the sheep blowfly presents numerous significant
challenges as attested by the results obtained thus far for vaccination attempts. There are
many factors to consider including the choice of antigen(s), the type of immune response to
be elicited (humoral vs cellular or both), the route of administration, (subcutancous,
intramuscular or possibly intradermal), the choice of adjuvant or immunomodulators and the
number and timing of immunisations. These factors are not trivial issues to be researched and
whilst some progress has been made a significant body of research remains incomplete if a
blowfly vaccine is to be effective. Another important point to consider when seeking to
produce an effective vaccine is the ability of the larvae to influence the immune response of
the host. Such interactions are common place in the parasite world . With respect to the
sheep blowfly the ability of the larvae to degrade host immunoglobulin * is one clear
example whereby the larvae are capable of avoiding the host humoral immune response. In
addition, excretory-secretory (E/S) products produced by the larvae have been shown to be
able to directly influence the immune response at both the cellular and humoral levels °°. The
results from this study demonstrated that the proliferation of ovine lymphocytes could be

suppressed in vitro following exposure to the larval products but interestingly this suppression

11
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could be reversed. Elkington et al.*’ reported that a 56 kDa protein from E/S material was
shown to be capable of significantly inhibiting lymphocyte proliferation and it was proposed
that this particular protein may have an immunomodulatory role during blowfly infections.
These types of responses are not surprising given the lack of protective immunity
demonstrated against this parasite in the field and what is known from other parasites as they
have evolved to avoid host immune responses ®. What will be challenging from a vaccine
perspective is to identify the key immunomodulatory molecules produced by the larvae as

presumably these too would be useful vaccine candidates.

New approaches to control.

As mentioned previously, an understanding of the interaction between the sheep host and the
larvae is critical to the development of an effective vaccine strategy. Previous research on this
interaction has been performed largely in the absence of genomic data and produced a few,
partial sequences of potential vaccine candidate proteins ®”'. An exception to this is the
extensive work that was conducted on the peritrophins from Lucilia in which a number were
cloned and sequenced >"**"*. The sheep genome (http://www.sheephapmap.org) and the
nearly completed L. cuprina genome (5K genome project)
(http://www.arthropodgenomes.org/wiki/Main_Page), combined with the power of mass
spectrometry and transcriptomic data analyses, should result in the completion and
characterization of these partial proteins and in the identification of additional novel potential
candidate target genes for both vaccine and drug development purposes. Transcriptomic and
proteomic analyses of blowfly larvae and sheep during infection, should deliver novel insights
into the sheep’s immune response and result in the assembly of blowfly secretomes; a wide

range of secreted proteins of different larval stages that are potential candidates for vaccine

12
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design. Furthermore, essential genes are ideal candidates for drug targeting in the blowfly and
can now be inferred from the available information on the related non-parasitic fly species,
Drosophila melanogaster and validated using molecular knockout techniques, such as
CRISPR ”.The missing component in the delivery of these molecular techniques and vaccine
development is adequate and sustained funding which has been largely unavailable from
industry or other sources for over ten years, despite the mulesing controversy and the obvious

importance of developing alternative therapies.

Other Blowflies

Vaccine research in other blowfly species has been very limited and has concentrated mainly
on the screwworms which penetrate deep into their hosts after infecting through wounds or
body orifices. As a result they can cause rapid mortality especially in young and stressed
animals. They are also non-selective in their host range, successfully infecting most available
mammals and some birds *. Cochliomyia hominovorax, the new world screwworm has been
controlled in a large part of its previously endemic range via the release of genetically-altered
‘sterile’ male flies °. However, its persistence in South America and occasional incursion
elsewhere  suggests that additional controls are still needed. Chrysomya bezziana, the old
world screwworm fly, is endemic in Asia and Africa °. It has long been a major quarantine

concern in Northern Australia with significant populations of the fly in the Torres Strait 7.
Chrysomya bezziana

In common with Lucilia, the screw-worm, Chrysomya bezziana secretes highly active
products onto the host. These consist of a mixture of enzymes and toxins that inhibit
coagulation, degrade complement components, lyse cells and degrade skin matrix proteins '°.

Analysis in the 1980s confirmed that skin reactions to the screwworms were similar to Lucilia

13
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with neutrophil accumulation followed by fibrosis, eosinophilia and mast cell proliferation

after the larvae had dropped off the host .

Analysis of the protease enzymes present in the larval secretions again shows similar
composition to Lucilia ’®. This paper also reports unpublished vaccination trials with these

proteases though without significant effect, a finding which again mimics the Lucilia data.

In keeping with the Lucilia lead, the peritrophin 48 gene was isolated from Chrysomya,
expressed in bacteria and compared to both the Lucilia and Drosophila homologues *. This
antigen and two other peritrophin molecules (Cb15 and Cb42) were then used in vaccine trails
in sheep *'. No significant differences were found in vitro with Cb15 and Cb42 and only a
small negative effect on growth occurred with Cb48. In vivo the vaccination apparently
caused a small increase in larval weight over controls *'. The results suggest that these
proteins are less effective as antigen targets in Chrysomya than they are in Lucilia though
additional studies on adjuvants and protocols may improve such responses. However, the lack
of significant effect was not conducive to further funding and the program was not extended

beyond the initial trials.

WARBLE INFECTIONS

Overview
As long as records have been kept researchers and cattlemen have noted that cattle develop
resistance to cattle grub infections. This translates into fewer grubs per animal in older

animals and has been reported in the literature numerous times **™*,

Confusion reigns with regard to whether the impact of immune responses mostly affects early
first instars as they migrate through the internal tissues of the host * or whether the impact of

the immune response mostly affects late second and early third instars as they reside in the

14
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84,85
warble ™

. This dichotomy is of particular relevance to the commercial success of a vaccine
which would ideally prevent damage to hide and sub-dermal tissues that results from

formation of warbles.

Cellular responses to invading first instars have been described in artificial infections and
show very little change in cell types associated with primary infections *. The infiltration of
B cells and IgG positive cells shortly after challenge infections in perivascular areas was
dramatic and rapid *. Local and systemic cytokine responses in the first few days of both
primary and challenge infections have been reported by *’ who suggest that the bovine
response is framed by both Thl (increase in IFN-y) was well as Th2 (increases in IL-4 and IL-
10) responses. Similarly, inflammatory cell responses in skin of primary and challenge
infections * showed an increase in CD4" during the early phase of primary infections while B
cells were predominant in challenge infections and the numbers increase in association with

the number of previous infections.

Cytokine and antibody responses have been recently characterized in naturally infested
animals during the later phases of the infection by Vasquez et al ** and Panadero et al *°.
These authors suggest that in natural infections the cytokine profiles were less clear than in

artificial, pulse infections "%

and a similar situation was observed for inflammatory cells.
IL-10 was higher in challenge infections which they interpreted as allowing reduced
inflammatory responses which increased the survival of migrating first instars. They noted
that the inflammation regulatory cytokine IL-10 declined rapidly after larvae had exited the
warbles which was consistent between primary and challenge infections, suggesting that this

cytokine was important in maintaining the host granuloma from which the second and third

instars derive their nutrient.

15
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Vaccine natural antigens

92,93 .
’s ”=”? . These studies used whole

The earliest work on vaccines dates to the 1950’s ' and 1960
third instar antigens and the vaccine was delivered after animals were naturally infested.
Baron and Colwell ** reported the use of native hypodermins as vaccine components with the
addition of monophosphoryl lipid A as an adjuvant. Pruett ° reported an increase in cattle
grub mortality in cattle vaccinated with native HyA, but the bulk of the mortality was
observed at the second and third instar stage in the host’s subdermal tissues. This aspect was
detrimental to the vaccine approach as while it had a measure of population control the
immediate damage to hides and carcasses was not eliminated. This was followed by studies

reporting the production of recombinant antigens (reviewed by ).

Panadero et al. ** described the immunomodulatory effect of three serine proteinases from
first instars of H. lineatum, reporting that lymphocyte proliferative responses were down
regulated particularly by HyA as had been previously noted by Nicolas-Gaulard et al. °’. In
addition these authors reported a down regulation of cytokine responses that was also strongly
mediated by HyA. Hypodermin C had a much less significant effect while HyB was

intermediate in effect.

Vaccine hidden antigens

Colwell *® reported up to 100% mortality of cattle grubs in calves immunized with soluble
extracts of third instar fat body formulated with Quil A as the adjuvant. Significant increases
in mortality of migrating first instars was noted as well as increased mortality of second and
third instars in vaccinated animals in comparison with untreated controls and adjuvant only

treated animals. Subsequent LC — MS/MS analysis of four bands (29, 50, 60 and 80 kDa)

16



374  from SDS-PAGE separated proteins that were subjected to MASCOT database searches

375 revealed peptides with similarities to several proteins.

376  Interesting proteins that had protein scores of greater than 400 included the

377  Hexamerins/arylphorins (also known as larval serum proteins), which are storage proteins of
378  the hemocyanin family that act as amino acid pools for reconstruction associated with insect
379  metamorphosis and in some cases support egg production *°. These proteins have also been
380 identified by Roelfstra et al ® in second and third instar Gasterophilus intestinalis. A

381  Glutathione-S-transferase from a multifunctional family of enzymes that protect cells by

382  preventing the damaging effects of oxygen and other free radicals. These are widely used in
383  anti-parasite vaccines; e.g. Haemaphysalis longicornis and Rhipicephalus microplus '
384  Schistosoma mansoni 101, Psoropotes ovis 102, Necator americanus ‘. Arginine kinase is a
385  crucial enzyme that catalyzes the transfer of phosphoryl groups from ATP to arginine in
386  arthropods and has been noted as an excellent target for drug development. It has also been
387  implicated as a major human allergen '** and is found in parasitic nematodes where it has

388  been suggested as a potential vaccine candidate '*°

. Phenoloxidase is a major component of
389 the insect immune system that participates in encapsulation and wound healing through

390  formation of melanin '
391
392  Recombinant antigens

393  The gene sequences for the three major proteins secreted by first instar Hypoderma spp, were
394 first reported in the early 1990s '*’, but work with recombinant versions of these enzymes
395  predated that description. Recombinant versions of these serine proteinases were formulated

396  and expressed as inclusion bodies in E. coli at both the Lethbridge Research Centre and at the
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USDA Kerrville laboratory. Hypodermin A was chosen to be the primary component of the

vaccine which was formulated with alhydrogel/amphigen as the adjuvant *°.

Current state of potential vaccines

All research into the use of recombinant hypodermins for cattle grub control effectively ended
in the late 1990°s. This was the result of difficulty obtaining patents for the production of the
antigens and the advent of macrocyclic lactone endectocides. A recent attempt to use
“hidden’ antigens as vaccine components while highly successful relied on the use of a
cocktail of uncharacterized native antigens. Other than what has been mentioned in the
previous section there has been no further work to determine the most active components in

the cocktail or to develop recombinant proteins for evaluation of their effect.

Inhibitors of immune control

Immunosuppression

HyA has been shown to have a potent inhibitory effect %’

through down regulation of
lymphocyte proliferation. Hypodermin C has been reported to degrade complement

component C3 ', Other cattle grub immunosuppressive effects have been noted for HyC ',

Macrocyclic lactone endectocides with their extremely high efficacy against Hypoderma ''°
and their ease of use have effectively spelled the end of vaccine research and development on
cattle grubs. The macrocyclic lactones are so effective against cattle grubs that eradication
campaigns in which ‘micro-dose’ applications at 1/10 the recommended dose have been

111,112
d >

propose With the appearance of drug resistance to these products in cattle gastro-
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419  intestinal nematodes '>'"*

there has been a push to develop new active ingredients such as
420  monepantel ' and to develop combination treatments which will undoubtedly have a
p p y

421  macrocyclic lactone as a component. This will continue to have an effect on vaccine research

422  against bot flies.
423

424  Other bot flies

425  Dermatobia hominis

426  Work with Dermatobia hominus has been stimulated by its increasing incidence in travellers

116-118

427  returning from, and its continuing importance in, South America though identification

428 is not always proven in travellers ''°.

429  Dermatobia hominis females capture mammophilic flies, in mid flight, depositing several
430  eggs onto their abdomens. These flies visit a host, often for a blood meal, and the increased
431  temperature stimulates eggs to hatch releasing the larvae. Larvae penetrate the host skin and
432 begin to develop without deep tissue migration such as occurs with some other cuterebrid

433 larvae.

434 Studies of this fly have again analysed E/S products for protease activity with a serine

435  protease mix again found to be dominant '*°. A notable finding is a high molecular weight
436  metalloprotease produced by the first instar. This is suggested to be active during skin

437  invasion though further work is required to confirm the hypothesis. Other warble flies seem to
438  be more reliant on the serine proteases and particularly collagenolytic serine proteases for

439  invasion, so further work would be interesting.

440 A recent study used immunodominant antibodies to identify and isolate an antigen for a

441 vaccine trial in cattle. Thus whole larval somatic extracts were used to immunize cattle and
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then identify an antibody in immune sera that recognised an immunodominant 50 kDa antigen
121 This was isolated from the soluble extracts of whole Dermatobia larvae, of all three
instars and used to vaccinate cattle. This approach yielded a greater than 90% reduction in the

number of surviving larvae after challenge.

The success of the approach suggests alternative vaccine antigens to the established use of the
Hypodermins in other warble flies ** as the molecular weight of this antigen is almost twice
that of these serine proteases. Other studies in Hypoderma have indicated the presence of

tissue-derived antigens at about this molecular weight **.
Oestrus ovis

The final group of Oestridae with recent work reported are the nasal bots which includes
Oestrus ovis and Rhinoestrus spp, parasites of sheep/goats and equines respectively. These
parasitic flies are inhabitants in the upper sinus of their hosts and tend to be specific to their

hosts, which include equids, artidodactyls and even a species in macropods (kangaroos)'*.

Oestrus ovis females forcefully expel fully developed first instars directly onto the nose of the
host. The larvae are encased in a viscous fluid that aids them staying on the host. Shortly
after deposition the larvae migrate initially into the outer nasal passages where development

begins. Later the larvae will move to the nasal sinuses and other cavities within the head.

These larvae tend to be very common in their hosts infecting from 30 to 50% of flocks in

. . . 123
most studies (reviewed in

). The larvae produce very similar enzymes to the more invasive
oestridae '** and the major antigens recognized by the host are excretory/secretory products
including salivary gland antigens '**. However, immunisation with E/S products did not show

126 Use of ‘hidden antigens’ derived

any protective effect other than limited growth inhibition
from washed third instar digestive tracts had also no effect on larval survival, but reduced the

. . . . 126
size of the larvae, primarily of second instars .

20



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

Gasterophilus

Gasterophilus spp. females deposit eggs onto the host hairs where they remain attached until
they are induced to hatch by the friction and or moisture of host grooming activity. Larvae
penetrate the oral mucosa and undergo migration within the oral cavity for some days
(specifics of the migration and site vary by species). Following a brief period of development
the larvae drop into the gastro-intestinal tract, find species-specific attachment sites and

complete development.

Despite the importance of these both flies to the horse industry worldwide there has been little
effort to describe immune responses or to develop vaccines. Roelfstra et al. ® have described
horse immune responses to crude extracts of whole second and third instar G. intestinalis
along with a description of some of the proteins identified by tandem mass spectroscopy. As
outlined in the Hypoderma discussion several of the proteins appear similar to those described

from the fatbody of Hypoderma lineatum (e.g. larval serum protein, arylphorin).

CONCLUSION

The issue for those concerned with the development of new controls for myiasis diseases is
the continuing reliance in insecticides over the last 50 years and the lack of current research
towards alternatives. This is especially true of vaccine work where no significant funding has
been available since 2000. Although this could be argued as due to a lack of potential
candidate vaccines in the case of the sheep blowflies (Lucilia) there have been good

candidates for Hypoderma control for at least this period **.

Clearly the drugs currently available, which include the macrocyclic lactones and the insect

growth regulators (esp. chitin synthesis inhibitors), are very effective and relatively cheap
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though resistance is known in field populations of Lucilia 128,129

. Drugs have allowed virtual
eradication of Hypoderma populations in most western European countries apparently
without the induction of resistant strains '**. Such ready availability of cheap and effective
control has inhibited research into other measures especially in the last ten years. The only
issue with this suppression is that once resistance does develop, as it has in Lucilia to almost

128

all commercial drugs used to date ", then there will be little if anything available other than

drug combinations and a scramble to rapidly reassess past research for alternative controls.

An example of the effect of the lack of funding into novel controls is the situation with
mulesing and the Australian wool industry, mentioned in the introduction to this review.
Complaints about the welfare and cruelty issues involved in mulesing sheep are not new and
animal welfare groups have been active against the operation for many years "*°. The
involvement of PETA who threatened an international boycott of wool from mulesed sheep in
2004 was merely the final act of a long building issue '*°. The response of the industry in
2004 was to fund research into a limited range of alternatives to mulesing '*', this amounted
to other methods of performing the same operation and an analysis of breeding options to
select plain bodied sheep %, more recently selection for blowfly resistance has joined the list
*though both these genetic options are obviously long term. As a result the declaration by
the Australian Wool Corporation that they would stop mulesing by 2010 has not been
achieved and the boycotts are extending '**. Although funding vaccine research may not have
resolved the issue it should be noted that even vaccines with 60% protective effect can add
significant control options in integrated management programs ", which are the only
currently available strategies for blowfly control in unmulesed sheep ''. In addition and as
discussed earlier, changes in technology over the last ten years have added significantly to our
ability to find and test target molecules in parasites and these technologies are rapidly

advancing our understanding of a wide range of other parasite-host interactions. The same
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cannot be said of myiasis infections and a reassessment of the potential for immune based

control of these infections is surely in order.

23



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

BIBLIOGRAPHY

Stevens JR, Wallman JF. The evolution of myiasis in humans and other animals in the
Old and New Worlds (part I): phylogenetic analyses. Trends Parasitol. 2006; 22(3):
129-36.

Wall R. Ovine cutaneous myiasis: effects on production and control. Vet Parasitol.
2012; 189(1): 44-51.

Broughan JM, Wall R. Control of sheep blowfly strike using fly-traps. Vet Parasitol.
2006; 135(1): 57-63.

Otranto D. The immunology of myiasis: parasite survival and host defense strategies.
Trends Parasitol. 2001; 17(4): 176-82.

Klassen W, Curtis CF. History of the Sterile Insect Technique. In Sterile Insect
Technique, ed. Dyck VA, Hendrichs J, Robinson AS, Netherlands: Springer; 2005; 3-36.
Frugére S, Cota Leon A, Prévot F, et al. Immunisation of lambs with excretory
secretory products of Oestrus ovis third instar larvae and subsequent experimental
challenge. Vet Res. 2000; 31: 527-35.

Tabouret G, Lacroux C, Andreoletti O, et al. Cellular and humoral local immune
responses in sheep experimentally infected with Oestrus ovis (Diptera: Oestridae). Vet
Res. 2003; 34: 231-241.

Roelfstra L, Deeg CA, Hauck SM, et al. Protein expression profile of Gasterophilus
intestinalis larvae causing horse gastric myiasis and characterisation of horse immune
reaction. Parasit Vectors. 2009; 2: 6.

Wall R, Rose H, Ellse L, Morgan E. Livestock ectoparasites: integrated management in

a changing climate. Vet Parasitol. 2011; 180(1-2): 82-9.

24



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sotiraki S, Farkas R, Hall MJ. Fleshflies in the flesh: epidemiology, population genetics
and control of outbreaks of traumatic myiasis in the Mediterranean Basin. Vet Parasitol.
2010; 174(1-2): 12-8.

Heath AC, Bishop DM. Flystrike in New Zealand: An overview based on a 16-year
study, following the introduction and dispersal of the Australian sheep blowfly, Lucilia
cuprina Wiedemann (Diptera: Calliphoridae). Vet Parasitol. 2006; 137(3-4): 333-44.
Otranto D, Stevens JR. Molecular approaches to the study of myiasis-causing larvae. Int
J Parasitol. 2002; 32: 1345-60.

Edwards LE, Arnold NA, Butler KL, Hemsworth PH. Acute effects of mulesing and
alternative procedures to mulesing on lamb behaviour. App! Anim Behav Sci. 2011;
133(3-4): 169-74.

Sutherland MA, Tucker CB. The long and short of it: A review of tail docking in farm
animals. App! Anim Behav Sci. 2011; 135(3): 179-91.

Rothwell J, Hynd P, Brownlee A, Dolling M, Williams S. Research into alternatives to
mulesing. Aust Vet J. 2007; 85(3): 94-7.

Sneddon J, Rollin B. Mulesing and Animal Ethics. J Agric and Environ Ethics. 2009;
23(4): 371-86.

Valachova I, Majtan, T, Takac, P, Majtan, J. Identification and characterisation of
different proteases in Lucilia sericata medicinal maggots involved in maggot
debridement therapy. J Appl Biomed. 2014; http://dx.doi.org/10.1016/j.jab.2014.01.001.
Parnes A, Lagan KM. Larval therapy in wound management: a review. Int J Clin Pract.
2007; 61(3): 488-93.

Akhtar N, Abdel-Rehim S, Rodrigues J, Brooks P. The use of larvae therapy to debride
full thickness burns in the anaesthetically unfit patient: the Nottingham experience.

Burns 2011; 37(6): e44-¢49.

25



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Boulard C, Weintraub J. Immunological responses of rabbits artificially infested with
the cattle grubs Hypoderma bovis (1.) and H. lineatum (de vill.) (Diptera :Oestridae). Int
J Parasitol. 1973; 3: 379-86.

Elliott M, Pattie WA, Dobson C. The immune response of sheep to larvae of Lucilia
cuprina. Proc Aust Soc Anim Prod. 1980; 13: 500.

Bowles VM, Carnegie PR, Sandeman RM. Immunization of sheep against infection
with larvae of the blowfly Lucilia cuprina. Int J Parasitol. 1987; 17(3): 753-8.

Magat A, Boulard C. Essais de vaccination contre I'hypodermose bovine avec un vaccin
contenant une collagénase brute extraite des larves de ler stade d'Hypoderma lineatum
Compte Rendu de lI'Academie des Sciences, Paris 1970; 270: 728-730.

Sandeman RM, Collins BJ, Carnegie PR. A scanning electron microscope study of
Lucilia cuprina larvae and the development of blowfly strike in sheep. Int J Parasitol.
1987; 17(3): 759-65.

Morgan ER, Wall R. Climate change and parasitic disease: farmer mitigation? Trends
Parasitol. 2009; 25(7): 308-13.

Guerrini VH. Excretion of ammonia by Lucilia cuprina larvae suppresses immunity in
sheep. Vet Immunol Immunopath. 1997; 56: 311-7.

Heath AC, Bishop DM, Tenquist JD. The effects of artificially-induced fly-strike on
food intake and liveweight gain in sheep. N Z Vet J. 1987; 35(4): 50-2.

Sandeman RM, Dowse CA, Carnegie, PR. Initial characterization of the sheep immune
response to infections of Lucilia cuprina. Int J Parasitol. 1985; 15(2): 181-5.

Greeff JC, Karlsson LJE, Schlink AC. Identifying indicator traits for breech strike in
Merino sheep in a Mediterranean environment. Anim Prod Sci. 2014; 54(2): 125-140.
Anderson JR. Oestrid myiasis in humans In The Oestrid Flies: Biology, Host-parasite

Relationships, Impact and Management. ed Colwell DD, Hall MJR, Scholl PJ.

26



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cambridge MA. CAB International; 2006; 201-209.

Boulard C. Larval — Host Parasite Relationships. Part A: Hypodermatinae — host
parasite interactions. In The Oestrid Flies: Biology, Host-parasite Relationships, Impact
and Management. ed Colwell DD, Hall MJR, Scholl PJ. Cambridge MA. CAB
International; 2006; 167 — 178.

Gingrich RE. Differentiation of resistance in cattle to larval Hypoderma lineatum. Vet
Parasitol. 1980; 7: 243-54.

Pruett JH, Kunz SE. Development of resistance to Hypoderma lineatum (Diptera:
Oestridae) within a cattle herd. J Med Entomol. 1996; 33(1): 49-52.

Elkington RA, Mahony TJ. A blowfly strike vaccine requires an understanding of host—
pathogen interactions. Vaccine. 2007;25(28):5133-45.

Willadsen P. The molecular revolution in the development of vaccines against
ectoparasites. Vet Parasitol. 2001; 101: 353-67.

O'Donnell I, Green P, Connell J, Hopkins P. Immunoglobulin G antibodies to the
antigens of Lucilia cuprina in the sera of fly-struck sheep. Aust J Biol Sci. 1980; 33(1):
27-34.

Skelly PJ, Howells AJ. The humoral immune response of sheep to antigens from larvae
of the sheep blowfly (Lucilia cuprina). Int J Parasitol. 1987; 17(6): 1081-7.

Sandeman RM, Bowles VM, Stacey IN, Carnegie PR. Acquired resistance in sheep to
infection with larvae of the blowfly, Lucilia cuprina. Int J Parasitol. 1986 ;16(1): 69-75.
Eisemann CH, Johnston LAY, Broadmeadow M, et al. Acquired resistance of sheep to
larvae of Lucilia cuprina, assessed in vivo and in vitro. Int J Parasitol. 1990; 20(3):

299-305.

27



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

40.

41.

42.

43.

44,

45.

46.

47.

48.

Bowles VM, Meeusen ENT, Chandler K, Verhagen A, Nash AD, Brandon MR. The
immune response of sheep infected with larvae of the sheep blowfly Lucilia cuprina
monitored via efferent lymph. Vet Immunol Immunopath. 1994; 40(4): 341-52.
O'Meara TJ, Nesa M, Seaton DS, Sandeman RM. A comparison of inflammatory
exudates released from myiasis wounds on sheep bred for resistance or susceptibility to
Lucilia cuprina. Vet Parasitol. 1995; 56(1-3): 207-23.

Seaton DS, O'Meara TJ, Chandler RA, Sandeman RM. The sheep antibody response to
repeated infection with Lucilia cuprina. Int J Parasitol. 1992;22(8):1169-74.

Tellam RL, Eisemann CH, Pearson RD. Vaccination of sheep with purified serine
proteases from the secretory and excretory material of Lucilia cuprina larvae. Int J
Parasitol. 1994; 24(5): 757-64.

O'Meara TJ, Nesa M, Sandeman RM. Antibody responses to Lucilia cuprina in sheep
selected for resistance or susceptibility to L. cuprina. Parasite Immunol. 1997; 19(12):
535-43.

MacDiarmid A, Clarke R, McClure SJ, Bowen FR, Burrell DH. Use of a monoclonal
antibody to ovine IgE for fly strike studies in sheep. Int J Parasitol. 1995; 25: 1505-7.
Bowles VM, Grey ST, Brandon MR. Cellular immune responses in the skin of sheep
infected with larvae of Lucilia cuprina, the sheep blowfly. Vet Parasitol. 1992; 44(1-2):
151-62.

Egan PJ, Kimpton W, Seow HF, Bowles VM, Brandon MR, Nash AD. Inflammation-
induced changes in the phenotype and cytokine profile of cells migrating through skin
and afferent lymph. Immunol. 1996; 89(4): 539-46.

Colditz 1G, Lax J, Mortimer SI, Clarke RA, Beh KJ. Cellular inflammatory responses in
skin of sheep selected for resistance or susceptibility to fleece rot and fly strike.

Parasite Immunol. 1994; 16(6): 289-96.

28



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

49.

50.

51.

52.

53.

54.

55.

56.

57.

Nash AD, Egan PJ, Kimpton W, Elhay MJ, Bowles VM. Local cell traffic and cytokine
production associated with ectoparasite infection. Vet Immunol Immunopath. 1996;
54(1-4): 269-79.

Elhay MJ, Hanrahan CF, Bowles VM, Seow HF, Andrews AE, Nash AD. Cytokine
mRNA expression in skin in response to ectoparasite infection. Parasite Immunol.
1994; 16(9): 451-61.

McGuirk BJ, Atkins KD, Kowal E, Thornberry K. Breeding for resistance to fleece rot
and body strike-the Trangie programme. Wool Technology and Sheep Breeding. 1978;
26(4): 17-24.

Raadsma HW. Flystrike control: an overview of management and breeding options.
Wool Technology and Sheep Breeding. 1987; 35(3): 174-85.

O'Meara TJ, Nesa M, Raadsma HW, Saville DG, Sandeman RM. Variation in skin
inflammatory responses between sheep bred for resistance or susceptibility to fleece rot
and blowfly strike. Res Vet Sci. 1992; 52(2): 205-10.

O'Donnell I, Green P, Connell J, Hopkins P. Immunization of sheep with larval antigens
of Lucilia cuprina. Aust J Biol Sci. 1981; 34(4): 411-8.

Johnston LAY, Eisemann CH, Donaldson RA, Pearson RD, Vuocolo T. Retarded
growth of Lucilia cuprina larvae on sheep and their sera following production of an
immune response. Int J Parasitol. 1992; 22(2): 187-93.

Tellam RL, Eisemann CH. Inhibition of growth of Lucilia cuprina larvae using serum
from sheep vaccinated with first-instar larval antigens. Int J Parasitol. 1998; 28(3): 439-
50.

Casu R, Eisemann C, Pearson R, Riding G, East I, Donaldson A, et al. Antibody-
mediated inhibition of the growth of larvae from an insect causing cutaneous myiasis in

a mammalian host. PNAS. 1997; 94(17): 8939-44.

29



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

58.

59.

60.

61.

62.

63.

64.

65.

66.

Tellam RL, Vuocolo T, Eisemann C, Briscoe S, Riding G, Elvin C, et al. Identification
of an immuno-protective mucin-like protein, peritrophin-55, from the peritrophic matrix
of Lucilia cuprina larvae. Insect Biochem Mol Biol. 2003; 33(2): 239-52.

Tellam RL, Eisemann CH, Vuocolo T, Casu R, Jarmey J, Bowles V, et al. Role of
oligosaccharides in the immune response of sheep vaccinated with Lucilia cuprina
larval glycoprotein, peritrophin-95. Int J Parasitol. 2001; 31(8): 798-809.

Eisemann CH, Binnington KC. The peritrophic membrane: Its formation, structure,
chemical composition and permeability in relation to vaccination against ectoparasitic
arthropods. Int J Parasitol. 1994; 24(1): 15-26.

East 1J, Fitzgerald CJ, Pearson RD, Donaldson RA, Vuocolo T, Cadogan LC, et al.
Lucilia cuprina: Inhibition of larval growth induced by immunization of host sheep with
extracts of larval peritrophic membrane. Int J Parasitol. 1993; 23(2): 221-9.

Sandeman RM, Chandler RA, Turner N, Seaton DS. Antibody degradation in wound
exudates from blowfly infections on sheep. Int J Parasitol. 1995; 25(5): 621-8.

Barrett M, Trevella W. The immune response of the sheep popliteal lymph node to a
purified phenoloxidase from larval cuticle of the sheep ectoparasite, Lucilia cuprina. J
Parasitol. 1989; 75(1): 70-5.

Bowles VM, Meeusen ENT, Young AR, Andrews AE, Nash AD, Brandon MR.
Vaccination of sheep against larvae of the sheep blowfly (Lucilia cuprina). Vaccine.
1996; 14(14): 1347-52.

Hewitson JP, Grainger JR, Maizels RM. Helminth immunoregulation: the role of
parasite secreted proteins in modulating host immunity. Mol Biochem Parasitol. 2009;
167(1): 1-11.

Kerlin RL, East IJ. Potent immunosuppression by secretory/excretory products of larvae

from the sheep blowfly Lucilia cuprina. Parasite Immunol. 1992; 14(6): 595-604.

30



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Elkington RA, Humphries M, Commins M, Maugeri N, Tierney T, Mahony TJ. A
Lucilia cuprina excretory—secretory protein inhibits the early phase of lymphocyte
activation and subsequent proliferation. Parasite Immunol. 2009; 31(12): 750-65.
Schmid-Hempel P. Parasite immune evasion: a momentous molecular war. Trends Ecol
Evol. 2008; 23(6): 318-26.

Young AR, Mancuso N, Meeusen ENT, Bowles VM. Characterisation of proteases
involved in egg hatching of the sheep blowfly, Lucilia cuprina. Int J Parasitol. 2000;
30(8): 925-32.

Young AR, Meeusen ENT, Bowles VM. Characterization of ES products involved in
wound initiation by Lucilia cuprina larvae. Int J Parasitol. 1996; 26(3): 245-52.

Young AR, Meeusen ENT, Mancuso N, Bowles VM. Proteases released by Lucilia
cuprina during egg hatch. Insect Biochem Mol Biol. 1997; 27(12): 1017-26.

Schorderet S, Pearson RD, Vuocolo T, Eisemann C, Riding GA, Tellam RL. cDNA and
deduced amino acid sequences of a peritrophic membrane glycoprotein, ‘Peritrophin-48',
from the larvae of Lucilia cuprina. Insect Biochem Mol Biol. 1998; 28(2): 99-111.
Waaijers S, Portegijs V, Kerver J, et al. CRISPR/Cas9-targeted mutagenesis in
Caenorhabditis elegans. Genetics. 2013; 195(3): 1187-91.

Coronado A, Kowalski A. Current status of the New World screwworm, Cochliomyia
hominivorax in Venezuela. Med Vet Entomol. 2009; 23(suppl. 1): 106-10.

Krafsur ES. Sterile Insect Technique for Suppressing and Eradicating Insect Population:
55 Years and Counting. J Agric Entomol. 1998; 15(4): 303-17.

Wardhana AH, Hall MJ, Mahamdallie SS, et al. Phylogenetics of the Old World
screwworm fly and its significance for planning control and monitoring invasions in

Asia. Int J Parasitol. 2012; 42(8): 729-38.

31



712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

77.

78.

79.

80.

81.

82.

83.

84.

85.

Spradbery P, Tozer RS. Trapping Old World screw-worm fly, Chrysomya bezziana
Villeneuve (Diptera: Calliphoridae), in Papua New Guinea including the coastal border
with Torres Strait. Aust J Entomol. 2013; 52(2): 164-7.

Sri Muharsini BD, Vuocolo T, Hamilton S, Willadsen P, Wijffels G. Biochemical and
molecular characterization of serine proteases from larvae of Chrysomya bezziana, the
Old World Screwworm fly. Insect Biochem Mol Biol. 2001; 31: 1029-40.

Humphrey JD, Spradbery JP, Tozer RS. Chrysomya bezziana: pathology of old world
screw-worm fly infections in cattle. Exp Parasitol. 1980; 49: 381-97.

Vuocolo T, Eisemann CH, Pearson RD, Willadsen P, Tellam RL. Identification and
molecular characterisation of a peritrophin gene, peritrophin-48, from the myiasis fly
Chrysomya bezziana. Insect Biochem Mol Biol. 2001; 31: 919-32.

Sukarsih PS, Wijffels, G, Vuocolo, T, Willadsen, P. Vaccination trials in sheep against
Chrysomya bezziana larvae using the recombinant peritrophin antigens cb15, cb42 and
cb48. Jurnal Ilmu Ternak dan Veteriner (Edisi Khusus). 2000; 5(3): 192-6.

Gingrich RE. Differentiation of resistance in cattle to larval Hypoderma lineatum. Vet
Parasitol. 1980; 7: 243-254

Gingrich RE Acquired resistance to Hypoderma lineatum: comparative immune
response of resistant and susceptible cattle. Vet Parasitol. 1982; 9: 233-242.

Pruett JH, Kunz SE. Development of resistance to Hypoderma lineatum (Diptera:
Oestridae) within a cattle herd. J Med Entomol. 1996; 33: 49-52.

Panadero R, Dacal V, Lopez C, et al. Inmunomodulatory effect of Hypoderma lineatum
antigens: in vitro effect on bovine lymphocyte proliferation and cytokine production.

Parasite Immunol. 2009; 31: 72-77.

32



735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

86.

87.

88.

&9.

90.

91.

92.

93.

94.

Lopez C, Colwell DD, Panadero R, et al. Skin immune responses in cattle after primary
and secondary infections with Hypoderma lineatum (Diptera: Oestridae) larvae. Vet
Immunol Immunopath. 20055 108: 285-294.

Dacal V, Colwell DD, Lépez C, et al. Local and systemic cytokine responses during
larval penetration in cattle experimentally infested with Hypoderma lineatum (Diptera:
Oestridae). Vet Immunol Immunopath. 2009; 131: 59-64.

Dacal V, Lopez C, Colwell DD, et al. Immunohistochemical characterization of
inflammatory cells in the skin of cattle undergoing repeated infections with Hypoderma
lineatum (Diptera: Oestridae) larvae. J Comp Path. 2011; 145 (2-3): 282-288.

Vasquez L, Dacal V, Lopez C, et al. Antigen-specific antibody isotypes, lymphocyte
subsets and cytokine profiles in cattle naturally infested by Hypoderma sp. (Diptera:
Oestridae). Vet Parasitol. 2012; 184: 230-237.

Panadero R, Lopez C, Vazquez L, et al. Effect of reinfections on systemic immune
responses in cattle naturally infested with Hypoderma sp. (Diptera: Oestridae). Vet
Parasitol. 2013; 193: 238-244.

Sergent E, Sergent E, Etudes sur le varron du beeuf en Algérie. Essais de traitement et
de vaccination. Archives de L'Institut Pasteur D'Algerie 1950; 28: 255-299.

Khan MA, Connell R, Darcel CleQ, Immunization and parenteral chemotherapy for the
control of cattle grubs Hypoderma lineatum (De Vill.) and H. bovis (L.). Canadian J
Comp Med Vet Sci. 1960; 24: 177-180.

Khan MA, Efficacy of homologous antigens and coumaphos. Vet Rec. 1968; 345-349.
Baron RW, Colwell DD, Enhanced resistance to cattle grub infection (Hypoderma
lineatum de vill.) in calves immunized with purified hypodermin A, B and C plus

monophosphoryl lipid A (MPL). Vet Parasitol. 1991; 38(2-3): 185-197.

33



759  95. Pruett JH, Immunological control of arthropod ectoparasites — a review. Int J Parasitol.
760 1999; 29: 25-32

761  96. Temeyer KB, Pruett JH, Kuhn I, Files J. Recombinant vaccine development: a novel

762 approach to ectoparasite control. A review of development of a recombinant vaccine
763 for hypodermosis based on hypodermin A. SAAS Bulletin, Biochem Biotech. 1993; 6:
764 31-35.

765  97. Nicolas-Gaulard I, Moiré N, Boulard C. Effect of the parasite enzyme, hypodermin A,
766 on bovine lymphocyte proliferation and ingerleukin-2 production via the prostaglandin
767 pathway. Immunol. 1995; 84: 160-165.

768  98. Colwell DD. Hidden antigens from Hypoderma lineatum: impact of immunization on
769 larval survival in artificial infections. Vet Parasitol. 2011; 175: 313-319.

770  99. Cristino AS, Nunes FMF, Barchuk AR, et al. Organization, evolution and

771 transcriptional profile of hexamerin genes of the parasitic wasp Nasonia vitripennis
772 (Hymenoptera: Pteromalidae). Insect Mol Biol. 2010; 19(supp 1): 137-146.

773 100. Parizi LF, Utiumi KU, Imamura S, et al. Cross immunity with Haemaphysalis

774 longicornis glutathione S-transferase reduces an experimental Rhipicephalus

775 (Boophilus) microplus infection. Exp Parasitol. 2011; 127: 113-118.

776  101. Lebens M, Sun J-B, Sadeghi H, et al. A mucosally administered recombinant fusion
777 protein vaccine against schistosomiasis protecting against immunopathology and

778 infection. Vaccine. 2003; 21: 514-520.

779  102. Nisbet AJ, Halliday AM, Parker L, et al. Psoroptes ovis: Identification of vaccine

780 candidates by immunoscreening. Exp Parasitol. 2008; 120: 194-199.

781  103. Zhan B, Perally S, Brophy PM, et al. Molecular cloning, biochemical characterization,
782 and partial protective immunity of the heme-binding glutathione S-transferases from the

783 human hookworm, Necator americanus. Infect Immun. 2010; 78: 1552-1563.

34



784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

104.

105.

106.

107.

108.

109.

110.

111.

112.

Ilg T, Werr M. Arginine kinase of the sheep blowfly Lucilia cuprina : Gene
identification and characterization of the native and recombinant enzyme. Pesticide
Biochem Physiol. 2012; 102: 115-123.

Umair S, Knight JS, Bland RJ, Simpson HV. Molecular and biochemical
characterization of arginine kinases in Haemonchus contortus and Teladorsagia
circumcincta. Exp Parasitol. 2013; 134: 362-367.

Eleftherianos I, Revenis C. Role and importance of phenoloxidase in insect hemostasis.
J Innate Immun. 2011; 3: 28-33.

Moiré N, Bigot Y, Periquet G, Boulard C. Sequencing and gene expression of
hypodermins A, B, C in larval stages of Hypoderma lineatum. Mol Biochem Parasitol.
1994; 66: 233-240.

Boulard C, Degradation of bovine C3 by serine proteases from parasites Hypoderma
lineatum (Diptera, Oestridae). Vet Immunol Immunopath. 1989; 20: 387-398.
Chabaudie N, Boulard C. In vitro and ex vivo responses of bovine lymphocytes to
hypodermin C, an enzyme secreted by Hypoderma lineatum (Insect, Oestridae). Vet
Immunol ImmunoPath. 1993; 36: 153-162.

Vercruysse J, Rew R. Macrocyclic lactones in antiparasitic therapy. Wallingford: CABI
2002.

Argenté G, Hillion E. Utilisation des petites doses d’ivermectine pourle traitement
préventif de ’hypodermose bovine. Le Point Vétérinaire. 1984; 16: 614 — 620.
Alvineri M, Sutra JF, Galtier P, Toutain PL. Microdose d’ivermectine chez la vache
laitiere: concentrations plasmatiques et résidus dans le lait. Revue de Médecine

Vetérinaire 1994; 145: 761 — 764.

35



807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Gasbarre LC, Smith LL, Lichtenfels JR, Pilitt PA. The identification of cattle nematode
parasites resistant to multiple classes of anthelmintics in a commercial cattle population
in the US. Vet Parasitol. 2009; 166: 281-285.

Gasbarre LC. Anthelmintic resistance in cattle nematodes in the US. Vet Parasitol.
2014; http://dx.doi.org/10.1016/j.vetpar.2014.03.017.

Kaminsky R, Gauvry N, Schorderet Weber S, et al. Identification of the amino-
acetonitrile derivative monepantel (AAD 1566) as a new anthelmintic drug
development candidate. Parasitol Res. 2008; 103: 931 — 939.

Tamir J, Haik J, Orenstein A, Schwartz E. Dermatobia hominis myiasis among travelers
returning from South America. J Am Acad Dermatol. 2003; 48(4): 630-2.

Hunter JM. Bot-fly maggot infection in Latin America. Geographical Rev. 1990; 80(4):
382-98.

Fernandes LF, Pimenta C, Fernandes F. First report of human myiasis in Goias State,
Brazil: Frequency of different types of myiasis, their various etiological agents, and
associated factors. J Parasitol. 2009; 95(1): 32-8.

Marcondes CB. Dermatobia hominis (Diptera: Cuterebridae) in Africa and the need for
caution in its taxonomy. J Infect Public Health. 2014; 7(1): 73-4.

Brant MP, Guimaraes S, Souza-Neto JA, et al. Characterization of the
excretory/secretory products of Dermatobia hominis larvae, the human bot fly. Vet
Parasitol. 2010; 168(3-4): 304-11.

Fernandes NL, Zanata SM, Ronnau M, et al. Production of potential vaccine against
Dermatobia hominis for cattle. Appl Biochem Biotech. 2012; 167(3): 412-24.
Cepeda-Palacios R, Jacquiet P, Dorchies P. Nasal bots...a fascinating world! Vet

Parasitol. 2010; 174(1-2): 19-25.

36



831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

8477

848

849

850

851

852

853

854

855

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Da Silva BF, Bassetto CC, Amarante AFT. Epidemiology of Oestrus ovis (Diptera :
Oestridae) in sheep in Botucatu, state of Sdo Paulo. Revista Brasileira Parasitologia
Veterinaria 2012; 21: 386-90.

Tabouret G, Bret-Bennis L, Dorchies P, Jacquiet P. Serine protease activity in
excretory—secretory products of Oestrus ovis (Diptera: Oestridae) larvae. Vet Parasitol.
2003; 114(4): 305-14.

Milillo P, Traversa D, Elia G, Otranto D. Analysis of somatic and salivary gland
antigens of third stage larvae of Rhinoestrus spp. (Diptera, Oestridae). Exp Parasitol.
2010; 124(4): 361-4.

Angulo-Valadez CE, Cepeda-Palacios R, Jacquiet P. et al. Effects of immunization of
Pelibuey lambs with Oestrus ovis digestive tract protein extracts on larval establishment
and development. Vet Parasitol. 2007; 143: 140-146.

Levot G, Sales N. In vitro effectiveness of ivermectin and spinosad flystrike treatments
against larvae of the Australian sheep blowfly Lucilia cuprina (Wiedemann) (Diptera:
Calliphoridae). Aust J Entomol. 2008; 47(4): 365-9.

Levot GW. Cyromazine resistance detected in Australian sheep blowfly. Aust Vet J.
2012; 90(11): 433-7.

Boulard C. Durably controlling bovine hypodermosis. Vet Res. 2002; 33: 455-64.
Townend C. Sheep strike and mulesing. Parasitol Today. 1987; 3(3): 68-9.

Paton M, Evans D. Animal Welfare — Changes in latitudes changes in attitudes. 2004;
Agribusiness Sheep Updates. 2004: 11-3.

Playford MC, Evans I, Lloyd JB, et al. Multisite randomised controlled trial to evaluate
polypropylene clips applied to the breech of lambs as an alternative to mulesing. I:
effects on body weight, breech bare area measurements and scores, wrinkle scores and

faecal and urine staining. Aust Vet J. 2012; 90(11): 415-22.

37



856

857

858

859

860

861

862

133.

134.

135.

Edwards NM, Hebart M, Hynd PI. Phenotypic and genotypic analysis of a barebreech
trait in Merino sheep as a potential replacement for surgical mulesing. Animal Prod Sci.
2009; 49(1): 56.

Sneddon J, Rollin B. Mulesing and Animal Ethics. J Agric Environ Ethics. 2009; 23(4):
371-86.

Barnes EH, Dobson RJ, Barger IA. Worm control and anthelmintic resistance:

Adventures with a model. Parasitol Today. 1995; 11(2): 56-63.

38



