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Chemosterilants for Control of Insects
and Insect Vectors of Disease

Richard H. G. Baxter*

Abstract: Both historically and at present, vector control is the most generally effective means of controlling
malaria transmission. Insecticides are the predominant method of vector control, but the sterile insect technique
(SIT) is a complementary strategy with a successful track record in both agricultural and public health sectors.
Strategies of genetic and radiation-induced sterilization of Anopheles have to date been limited by logistical and/
or regulatory hurdles. A safe and effective mosquito chemosterilant would therefore be of major utility to future
deployment of SIT for malaria control. Here we review the prior and current use of chemosterilants in SIT, and
assess the potential for future research. Recent genomic and proteomic studies reveal opportunities for specific
targeting of seminal fluid proteins, and the capacity to interfere with sperm motility and storage in the female.
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1. Introduction

Many global infectious diseases are
transmitted by insect vectors, and vector
control is an efficient means of preventing
disease transmission.!!l Since the first use
of DTT to control disease transmission in
refugee camps at the conclusion of WWII,
insecticides have proved tremendously
successful in the campaigns to control and
eradicate typhus, sleeping sickness, ma-
laria, dengue and other diseases by indoor
residual spraying (IRS), insecticide treated
nets (ITN) and ultra-low volume (ULV)
spraying.

However, the use of insecticides has
limitations. Insecticides are distributed
over an area; their efficacy is proportional
to the number density of vectors in the
area. Thus, insecticides are most effective
in scenarios of endemic transmission with
high vector density, but as vector density
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decreases there is a decreasing marginal

utility in driving the population to zero.

Second, the conventional use of insecti-

cides to cause rapid mortality means sus-

ceptible members of the population do not
reproduce, creating selective pressure for
the development of resistance.

Vectors can develop resistance to in-
secticides by (i) mutations in the target
protein, (ii) metabolic detoxification, or
(iii) increased efflux or excretion. They
can also develop behavioral resistance by
avoiding the point of application. Hence,
the use of IRS/ITNs may result in ‘cryptic
populations’ that rest and feed outdoors
and are unaffected by existing or future
insecticides.

The sterile insect technique (SIT) in-
volves the continuous mass release of
sterile individuals that compete with wild
individuals for mates, suppressing the pop-
ulation in subsequent generations.[?! As a
method of insect control, SIT has several
advantages:

e The efficacy of SIT increases with de-
clining population density.

e SIT has, by definition, species-level
specificity, with minimal off-target ef-
fects.

e SIT has an excellent record for (lack of)
resistance.

e Released males seek out ‘cryptic popu-
lations’ of vectors.

SIT has been used to eradicate a num-
ber of agricultural pests and in one notable
case a human and zoonotic vector, the tse-
tse fly.3] SIT can be a powerful component
of area-wide integrated pest management
(AW-IPM) strategies.[*l However, SIT has
not yet been used at an operational level
to control mosquitoes (genus Anopheles,
Aedes, Culex)] — vectors for malaria
and the arboviruses such as Dengue,

Chikungunya and Zika — or other vectors
such as sandflies (Leishmania) or triato-
mines (Chagas disease).

SIT uses three methods of inducing ste-
rility: (i) X-ray or yirradiation, (ii) chemo-
sterilization, or (iii) genetic modification
(GM). While radiation has been used suc-
cessfully in a number of flies, including tse-
tse flies, mosquitoes and a number of other
insects suffer a significant loss in fitness at
doses required for complete sterilization,
and specialized facilities are required for
irradiation.l%) The process of GM to pro-
duce males carrying a female-specific le-
thal gene has been greatly accelerated by
transgenic technology.l’l! GM Aedes mos-
quitoes were the subject of successful field
trials in the Cayman islands and Brazil, 8!
and were recently approved by the FDA for
release in Florida. Besides regulatory con-
cerns, however,[®) GM requires a separate
laboratory strain for each reproductively
isolated vector species or sub-species to be
controlled. This may be challenging given
the large number of known vectors, or the
laboratory strain may lose mating fitness
over time due to inbreeding.

Here we discuss the third approach,
chemosterilization. A large body of re-
search from the 1960s—70s identified thou-
sands of potential chemosterilants, which
can deliver improved fitness compared to
radiation.%»10] Unfortunately, concerns re-
garding toxicity as well as external factors
led to this effort being largely abandoned.
In the past 15 years, however, great strides
have been made in genetics and molecu-
lar analysis of mosquito and other disease
vectors. In the hopeful event that inter-
est, and funding, returns to this field such
knowledge can be leveraged to develop
ever more safe, effective and specific che-
mosterilants.
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2. Laboratory and Field Trials
of Aziridine-phosphoryl
Chemosterilants

The theory and practice of SIT in-
cludes many aspects besides the choice
of sterilant that must be considered in an
effective campaign.[52111 The first success-
ful SIT eradication program, using X-ray
or v irradiation to sterilize males, targeted
the cattle screw worm Callitroga homini-
vorax.122121 When applied to mosquitoes
however, radio-sterilized males were not as
competitive as normal males.!'3] Following
pioneering studies in Drosophila,l'¥ stud-
ies in the house fly Musca domestica
identified aziridnyl-based DNA alkylating
agents, such as apholate (1), as effective
chemosterilants (Fig. 1).[!5] Similar studies
with tepa (2) and thiotepa (3) were pursued
in mosquito vectors Aedes aegyptii and
Anopheles quadrimaculatus.l'9 In a short
space of time hundreds of compounds
were identified with chemosterilant prop-
erties.[17]

The compounds identified bore close
resemblance to the early literature on che-
motherapy, including alkylating agents,
antimetabolites, antibiotics and alkaloids
among others.!!8] Aziridine-based alkylat-
ing agents emerged as effective chemo-
sterilants for mosquitoes. A field trial,
using tarsal exposure to tepa or exposure
of pupae to thiotepa, successfully sup-
pressed Culex pipiens quinquefasciatus on
Seahorse Key, Florida.['91 Additional cage
and field trials with Culex pipiens fatigans
Wied. were conducted by the WHO/ICMR
unit in New Delhi, 20! although infiltration
of surrounding fertile females limited ef-
ficacy of the trial.[2!l Preliminary trials of
thiotepa-sterilized Aedes aegypti were also
conducted alongside radiation and genetic
methods. 22!

A comprehensive field trial for release
of Anopheles albimanus chemosterilized
by bisazir (4) was conducted by the USDA
in El Salvador.l1%-dl The daily mean pro-
duction was 42,900 pupa. The release of
~4.3 million chemosterilized males over a
five-month period resulted in a 99% reduc-
tion in the indigenous population, despite
migration into the test area. A significant
issue with the El Salvador trial was that
sex separation on the basis of size was
not stringent. Some 14% of release mos-
quitoes were female, a potential source
of continued disease transmission. The
WHO/ICMR project reported an improved
physical separation that reduced the num-
ber of female Culex pipiens to <1% with
91% recovery of males, although complete
elimination of females recovered only 33%
of male pupae.[?3!
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Fig. 1. Aziridine-based chemosterilants.

3. Toxicology of Aziridine-
phosphoryl Chemosterilants

Aziridine-based chemosterilants, like
other DNA alkylating agents, are cytotox-
ic. A key parameter used to compare ef-
fectiveness of compounds is the ratio of the
50% lethal dose (LD,,) and 90% effective
dose (ED, ). For instance, substitution of

tepa with different alkylamino groups had
significant impact on both LD, and ED,
for the sterilization of Musca domestica
by direct injection (Table 1).1'8! In the El
Salvador field trial an LD, /ED, ratio of
7.8 was reported for bisazir.[10]

Despite their toxicity, the reactivity of
aziridines means they can be rapidly de-
graded.[24] The half-life of tepa in a neutral

Table 1. Sterilization and toxicity of alkylamino (aziridn-1-yl) phosphine oxides in male house

flies!®
Compound LD,, (nmol)* ED,, (nmol)® LD,/ED,
tris(aziridin-1-yl)phosphine oxide (2) 577.5 1.4 417
R-amino-bis(aziridin-1-yl)-phosphine
oxide
R = Methyl (5) 153.7 1.7 88
R = ethyl (6) 324.6 2.7 119
R = n-propyl (7) 11.3 8.5 1.3
R = isopropyl (8) 448.9 3.7 123
R = n-butyl (9) 94.2 9.5 9.9
R = n-isopentyl (10) 38.0 55.5 0.7
dimethylamino-bis(aziridin-1-yl)- 430.4 3.5 122
phosphine oxide (11)
bis(dimethylamino)-(aziridin- 1-yl)- 30.5 22.5 1.4
phosphine oxide (12)
tris(dimethylamino)- phosphine oxide 562.6 79.2 7.2

13)

350% lethal dose; *90% effective dose
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aqueous solution decreased from 31 days at
25 °C to <0.1 days at 100 °C. Degradation
involves stepwise hydrolysis to phosphate
and ethylenimine, with N-ethanolaminyl
intermediates. At pH 4 tepa is completely
degraded in 3 h although aziridinyl activity
was detectable for up to 24 h. Analysis of
C. p. fatigans pupae dipped for 3 h in tepa
or thiotepa and rinsed twice with fresh wa-
ter found a maximum of <0.5 ng tepa and
80 ng thiotepa in pupae 6 h post-treatment,
<0.5 ng tepa and 12.0 ng thiotepa 24 h
post-treatment, 2 ng tepa and 10 ng thio-
tepa in adults 0-6 h post-emergence, and
<0.5 ng tepa, <0.25 ng thiotepa 24 h post
emergence.[! On this basis, an inverte-
brate predator would need to consume ~25
adults 0-6 h post-emergence to receive the
ED,, for sterilization obtained for the house
fly. A 100 g rodent would need to consume
5,000 adults 0—-6 h post-emergence to re-
ceive 0.5 mg kg/day, a dose at which mu-
tagenic/teratogenic effects are reported. To
receive a dose of 0.5 mg of thiotepa from
adults 24 h post-emergence would require
ingestion of two million mosquitoes.

The degradation of aziridines is com-
plicated, however, by the fact that while the
stability of the parent compound decreases
at low pH, ethylenimine itself — also an
alkylating agent — is stabilized at low pH.
When spiders were fed on mosquitoes ster-
ilized in tepa and thiotepa as pupae, a diet
of 3-5 mosquitoes per week was sufficient
to cause a 20-fold reduction in fertility.[20]
An improved protocol was developed to
remove residual chemosterilant by succes-
sive acid and alkaline treatment of pupa.?7!

Nevertheless, public concerns over
the health and environmental impacts of
thiotepa were a compounding factor in
the collapse of the WHO/ICMR project in
India.28] This represents a salutary lesson
in the importance of gaining acceptance
and support from the community in vec-
tor control efforts.®¢2°1 Recently in the
face of impinging threats from Dengue,
Chikungunga and Zika virus, mass release
of aziridine-sterilized males has been re-
vived as a part of an integrated program for
control of Aedes vectors in Cuba.l30!

4. Non-alkylating Dimethylamines,
Non-aziridine Alkylating Agents

Besides aziridines, several other alkyl-
ating agents have been used as chemoster-
ilants. Complete substitution of aziridines
in tepa by dimethylamine yields hexameth-
ylphosphoramide, or hmpa (13). While less
effective compared to aziridines (Table 1),
it’s low mammalian toxicity was initially
considered advantageous and it was used
in field tests to control M. domestica.l3!]
However, while hmpa is not itself an al-
kylating agent it is a potent mutagen via

nasal inhalation (5 ppb) due to release of
formaldehyde upon metabolism by P450
mono-oxygenases.[32]

The alkanesulfonate busulfan (14) is
an effective oral sterilant for boll weevils
and was readily metabolized after removal
from the diet (Fig. 2).[331 In a field trial in
Southern Mississippi following a single
integrated insecticide and SIT application,
the boll weevil population in the eradica-
tion zone was suppressed below detectable
levels in 203 out of 246 fields,B! with an
estimated chemical release of 100 ng bu-
sulfan/weevil or 6 mg per square mile.34

5. Juvenile Hormone (JH) Analogs

JH is essential for growth and devel-
opment of insect larval instars.[35] JH ex-
tract was first extracted from Cecropia
moths and its application shown to block
larval development.[3¢l A similar extrac-
tion from Tenebrio beetles identified
derivatives of farnesol, and JH analogs
(JHASs) derived from farnesol and its ac-

id were developed.3”l A potent JHA for
Pyrrhocoris apterus, fortuitously discov-
ered on American paper towels,381 was
identified as the methyl ester of todomatuic
acid, juvabione (15).139 By 1971 hundreds
of compounds in the general class of insect
growth regulators (IGRs) had been synthe-
sized.B3!

Juvabione was shown not only to steril-
ize Pyrrhocoris females but treated males
transferred sterility to their mates, open-
ing the possibility for the use of JH ana-
logs as chemosterilants.[0) However, the
level of efficacy as a chemosterilant does
not generally translate to other families of
insects,[4!! or male sterilization. However,
IGRs found significant utility as larvicides.
Application to mosquito control was rapid
due to multiple factors, such as that adults
are the only harmful stage and larval life
cycles are synchronized in periodically
flooded habitats.[2! The JHA methoprene
(16) was registered for the larval control
of floodwater mosquitoes in a slow-release
formulation (Altosid® SR10) in 1973.143]

In the 1980s a new JHA with improved
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Fig. 2. Non-aziridine chemosterilants.
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efficacy was developed by Sumitomo
Chemical Co., S-31183 or pyriproxyfen
(17).1441 Pyriproxyfen is an effective lar-
vicide at 0.005-0.05 ppb for mosquitoes
and a chemosterilant for tsetse flies.[*?]
Exposure to pyriproxyfen significantly re-
duces female fecundity in mosquitoes by
interfering with egg maturation in females
or through transfer to the larval habitat
when eggs are laid.[46! Pyriproxyfen’s ex-
cellent hazard profile (LD, >5000 mg/kg,
no genotoxic or reproductive toxicity ob-
served up to 100 mg/kg, ¢, ~16 days in wa-
ter) support its use as in the environment.[47]
A recent proposed strategy, ‘boosted’ SIT,
is to dust radiation-sterilized males with
pyriproxyfen prior to release.l8] In this
approach, released males suppress the
population by three means: (i) direct com-
petition with viable males for females, (ii)
suppression of fecundity in females who
copulate with released males, and (iii) sup-
pression of egg development via contami-
nation of larval habitats by females who
copulate with released males.

A second strategy is the treatment of
bednets with pyriproxyfen. Exposure of A.
gambiae to nets treated with 0.01% pyri-
proxyfen (<10 mg/m?) for 3 min, either
before or after a blood meal, resulted in
complete sterilization with no eggs laid,
including after subsequent blood meals.*]
In a separate study of A. arabiensis, total
sterility was observed upon 30 min expo-
sure to pyriproxyfen 24 h after blood feed-
ing but not 72 h prior to, or 24-72 h after,
blood feeding.[3%1 Deploying pyriproxyfen-
dusted cloths within test huts, a 96% re-
duction in adult production vs. control was
observed in semi-field conditions.[3!]

6. Chitinase Inihibitors

Chitin is an essential component of in-
sect exoskeletons, which are synthesized
and shed at multiple stages of develop-
ment. Hence, inhibitors of chitin synthesis
are potent larvicides. In the early 1970s
the development of diflubenzuron (18) or
Dimilin® (TH 6040), marked a new class of
insecticides, the benzoylphenyl ureas.[34-2]
Diflubenzuron has low toxicity (LD,
>2000 mg/kg, no genotoxic or reproduc-
tive toxicity observed), although hemotox-
icity is noted upon chronic administration
at 2 mg/kg.[*7al However, diflubenzuron
displays significant toxicity towards ma-
rine invertebrates,[33! so it is not suitable
for dissemination in aquatic habitats.

Busulfan incompletely sterilizes fe-
male boll weevils; co-application of
diflubenzuron significantly decreased fer-
tility.[54 Male boll weevils are sterilized
if fed a diet containing diflubenzuron by
inhibition of sperm transfer or transfer of
the chemosterilant to females by contact.

Combined diflubenzuron treatment and
irradiation of males was tested in field
trials.551 However, female sterility from
diflubenzuron diminishes rapidly as the
compound is removed.[¢]

An innovative recent application of the
benzoylphenyl urea lufenuron (19) in the
form of a bait gel has been used to control
the Mediterranean fruit fly Cerratitis capi-
tata.l571 Lufenuron is used to control fleas,
which are themselves vectors of numer-
ous diseases including plague.l8! Chitin
synthesis inhibitors have been tested as
larvicides against mosquitoes,!>! but have
never been used as chemosterilants for he-
matophagous insects in the field.

7. Targeting Male Seminal Fluid
Proteins

The past two decades have seen a revo-
lution in genomic and proteomic analysis
of insect vectors provide the opportunity of
targeted chemosterilants for vector control
of hematophagous insects such as mosqui-
toes and tsetse flies.[®0] Analysis of A. gam-
biae seminal fluid proteins identified a
male-specific transglutaminase, AgTG3
that crosslinks a substrate, Plugin, to form
a mating plug that is transferred to the fe-
male, is necessary for sperm storage.[®!]
Biochemical characterization of AgTG3
revealed the protein is a homolog of mam-
malian blood-clotting Factor XIII, iden-
tified preferred crosslinking sites in the
30 kDa C-terminal of the substrate Plugin,
and established a fluorescent plate-based
assay for AgTG3 activity.[62]

A pilot screen of dihydroisoxazole
inhibitors identified known inhibitors
of human TG2 with IC,; < 10 uM (20).
Administration of AgTG3 inhibitors to
A. gambiae males by intrathoracic injec-
tion led to a 15% reduction in mating plug
transfer in laboratory mating assays.[63
Whether the inhibitors can be improved
or not, however, this approach was aban-
doned as it is apparent that mating plug for-
mation and AgTG3 is not conserved, even
within the Anopheles genus.[64

A. gambiae seminal fluids are rich in
20-hydroxyecdysone (20E), which upon
sexual transfer interacts with a female
protein, Mating-Induced Stimulator of
Oogenesis (MISO), to stimulate oogene-
sis,[63] suggesting inhibitors of 20E-MISO
interaction could be potential chemosteril-
ants. However, male 20E production and
transfer in seminal fluids has co-evolved
with plug formation,[® hence again is
likely too specific a target to justify devel-
opment.

8. Conclusions

The sterile insect technique is a power-
ful complement to insecticides and other
approaches in an AW-IPM strategy for vec-
tor control. Alongside irradiation and ge-
netic modification, chemosterilization is
a method of mass-producing sterile males
for release. Yet chemosterilization has not
been deployed at an operational scale for
control of insect disease vectors.

This fact illustrates the challenge of
finding a small molecule that can simul-
taneously fulfill all the requirements of an
operational chemosterilant: (i) available at
low-cost/high-volume, (ii) produce life-
time sterility upon exposure of larvae in
water (mosquitoes) or topical application,
(iii) minimal impact on survival and com-
petitiveness of treated males with wild,
fertile males, (iv) sufficiently low toxicity
to humans to eliminate occupational safety
concerns for workers, and (v) easy remov-
al, rapid degradation and low toxicity so
as to represent a minimal environmental
hazard.

After fifty years of research in the
field two such agents identified to date are
the aziridines thiotepa and bisazir, which
fulfilled requirements (i—iii) and to some
minds (iv,v), but were abandoned in the
1970s due to fallout/lingering concerns of
toxicity to humans and invertebrate preda-
tors of released males. A third agent is
pyriproxyfen, which fulfills all criteria but
(ii) since it is itself a larvicide. However,
pyriproxyfen may well find use in a ‘boost-
ed’ SIT or in combination with insecticides
in IRS/ITN applications.

I suggest several paths by which small
molecules could significantly complement
or enhance new SIT programs for vector
control:

1) Reassess aziridines. Cessation of
USDA bisazir field trials in El Salvador
and WHO/ICMR thiotepa trials in
Delhi were influenced by geopolitical
factors. Simple protocols can eliminate
chemical residues. This original strat-
egy is worth reconsidering, if new field
trials include ecological studies of lo-
cal predator populations and chemical
releases to the environment.

2) Other DNA alkylating agents. Many
new agents have been developed in the
past 30 years of anti-cancer drug dis-
covery, e.g. minor groove alkylating
agents,[71 which could have improved
efficacy and/or toxicological profile
over thiotepa and bisazir.

3) Targeting spermatogenesis. Only cur-
sory efforts have been made so far at
leveraging recent research on male de-
velopment in insects. Potential targets
are spermatogenesis, sperm motility,
and seminal fluid proteins. A target spe-
cific to, but conserved within, Diptera
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would be ideal as compounds directed
against it could be of use against all the
dominant vector species: mosquitoes,
sandflies, and true flies (house flies,
tsetse flies).

4) Female-specific larvicide. A signifi-
cant hurdle in SIT for mosquito con-
trol is sex separation, since females
are responsible for disease transmis-
sion. Physical separation of pupa is not
100% effective and release of females
is not acceptable in endemic transmis-
sion zones. A female-specific larvicide
could solve this problem and greatly
simplify the logistics of implementing
mosquito SIT.

5) Anti-parasitic compounds. An alter-
native to a female-specific larvicide
is a compound that induces resistance
to infection by the target pathogen. If
treated females were unable to trans-
mit disease, the small percentage re-
leased alongside sterile males would
not represent a risk for transmission.
Compounds stimulating the insect’s
immune system could fulfil such a role.
The essential question is, given there

has never been an operational SIT cam-
paign for vector control relying on che-
mosterilants, whether funding exists to
support future research in this area. Yet the
choice is not of one strategy vs. another.
Chemosterilization is compatible, if not
synergistic with irradiation, transgenic,
and biological controls to develop op-
erational SIT programs.[%8] All strategies
should be on the table in the future fight to
control, eliminate and ultimately eradicate
vector-borne diseases.
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