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Malaria burden stagnating, elimination difficult

— Current estimates of regional case incidence (WMR 2020)
= = GTS milestones (baseline of 2015)

Forecasted trend if current trajectory is maintained
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GTS: Global technical strategy for malaria 2016-2030; WHO: World Health Organization; WMR: world malaria report

* World Health Organization (2021) World Malaria Report 2020
« Walker PGT, Griffin JT, Ferguson NM, Ghani AC (2016) Lancet Global Health



From lab to field: Model building priorities
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Understanding resistance alleles & Cas9 dynamics
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Spatial population structure







Dry season ecology

Aestivating female caught ~7 months after being marked: No mosquitoes « Only driving-Y « Wildtype and driving-Y + Only wildtype
, Permanent water Aestivation Migration

Trajectories of flights for Anopheles capture events:

A. coluzzii Anopheles spp. (other)
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* North AR, Burt A, Godfray HCJ (2019) BMC Biology
« Lehmann T, Dao A, Yaro AS, Adamou A et al. (2010) Am J Trop Med Hyg
* Huestis DL, Dao A, Diallo M, Sanogo ZL et al. (2019) Nature



Per capita :
growth rate ~ Density
(dN/Ndt) dependence

A | Inverse density
dependence (Allee effect)

Density dependence

Higher larval density leads to less pupation & longer time to pupation:
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Crowding of larvae
leads to increased
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Malaria transmission models
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From lab to field: Model application priorities
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Target product profiles

TABLE 1. PROPOSED CRITERIA FOR PREFERRED PRODUCT
CHARACTERISTICS OF GENE
DRr1vVE-MODIFIED MOSQUITOES

. Indication—target vector and parasite species

. Epidemiological efficacy goal—reduction in clinical
incidence of malaria

. Entomological efficacy goal—reduction in vectorial
capacity commensurate with epidemiological protection
goal

. Duration of protection—time over which the
epidemiological efficacy impact will be evident

. Time to impact—time required for the product to achieve
epidemiological and entomological goals over a specified
area

. Safety for human health and the environment

TABLE 2. PROPOSED EFFICACY PARAMETERS FOR TARGET

ProDUCT PROFILES OF GENE
DRIVE-MODIFIED MOSQUITOES

. Homing rate—predictor of rate of spread and time to

impact
a. Deviation from Mendelian expectation of inheritance
in cages

. Life history and reproductive success—predictor of rate

of spread and time to impact

a. Adult longevity

b. Adult biting rate

c. Mating efficiency

d. Egg clutch size and hatching rate

e. Sex ratio of progeny

f. Development and mortality rate at different life stages

. Construct functionality—predictor of entomological and

epidemiological efficacy

a. Population suppression—population decline in cages

b. Population replacement—reduction in carriage of the
target parasite species

. Functional resistance—predictor of duration of protection

a. Population suppression and replacement—functional
resistance to the drive

b. Population replacement—parasite resistance to the
effector(s)

« James SL, Marshall JM, Christophides GK, Okumu FO, Nolan T (2020) Vector-Borne & Zoonotic Diseases
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Monitoring needs: Heterogeneity in spread
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Surveillance needs: Detecting resistance alleles /
unintended spread

» Triska MD, Renton M (2018) R Soc Open Sci 5: 171784.



Risk assessment

Pathway 21 Human health: Potentially altered anatomy, or host-seeking behaviour, in dsxF****# transgenics could increase the
transmission of human diseases, including lymphatic filariasis.

Pathway 26 Human health: Potentially broader tolerances for humidity, temperature, salinity, or desiccation in dsxFcAsPah
transgenic could lead to increased disease transmission in humans.

Plausible Pathway Risk Hypothesis Analysis Plan
Release of gene drive dsxFm™
transgene in An. coluzzii Compare the anatomy of cibarial
& ‘ Biting transgenic mosquitoes show no TR i Sy i

homozygous transgenics to those of
non-transgenics. Should any
differences be observed above,

Mating and transmission of transgene difference to non-transgenic in
to next generation anatomy related to success rate of —e

RS transmission of pathogens, such as investigate range of heterogeneity in

filariae associated with LF

Plausible Pathway

Risk Hypothesis

Increase in frequency of gene drive | anatomical structures in wild
transgene in An. gambige populations
L 2
Transgenic mosquitoes have altered Transgenic mosquitoes do not bite Compare the biting and probing rates
y or host seeking behavi humans more than non-transgenics of heterozygous and homozygous
compared to non-transgenic and so do not increase disease transgenics to non-t genics using a
mosquitoes transmission panel of artificial attractants

L

Analysis Plan

Assess fertility of heterozygous and
homozygous transgenics. Where
homozygotes confirmed to be

Release of gene drive dsxFs#n completely sterile as reported in Kyrou
transgene in An. coluzzii et al. [17], proceed with tests below on
; heterozygotes only
Mating and transmission of transgene .
to next generation Compare fitness of transgenics to non-
3 transgenics at static and fluctuating
| in freq of b temperatures that are both lower and
ncrease uency of gene drive higher than those observed in West
e I';M § Africa

Calculate the increase in number of
infectious bites on humans that would
be required to increase background
transmission of diseases vectored by
An. gombiae (e.g. malaria, ONNV
lymphatic filariasis)

Altered transgenic mosquito anatomy
or host-seeking behaviour increases
the vector competence or decreases

extrinsic incubation period of
transgenic mosquitoes

Transgenic mosquitoes show no
3 increase in vector competence or
decrease in extrinsic incubation period
over non-transgenic mosquitoes

Transgenic shows broader tolerance
for perature, humidity, salinity, or
egg desiccation resistance compared
to non-transgenic comparator

Transgenic does not have broader
3 tolerance for humidity, temperature,
| salinity, or egg desiccation compared

with non-transgenic comparator

Compare fitness of transgenics to non-

transgenics at humidities that are both

lower and higher than those observed
in West Africa

L

L 2 Population suppression from gene

Increase in vectorial capacity of drive has greater effect on vectorial

transgenic mosquitoes despite the  ——J»  capacity than any increase in vector

suppression effect of gene drive competence from altered transgenic
' anatomy

Assess potential for vector
competence of, and extrinsic
incubation period in, transgenic and
non-transgenic mosquitoes for a
representative panel of pathogens
known to transmitted by An. gambiae

1 A A lee
Inci tr in

humans

Spread of transgenics beyond the
geographic or seasonal range of non-
transgenic comparators

Compare fitness of transgenics to non-
transgenics over a range of salinity
encountered in West Africia

¥

Population suppression from gene

Increase in vectorial capacity of
mosquito populations in new or
original geographical ranges despite
the suppression effect of gene drive

drive has greater effect on vectorial
capacity than any broadening of
> tolerance for humidity, temperature,
salinity, or egg desiccation in

Calculate net effect on vectorial
capacity of increased vector
competence coupled with population
suppression from gene drive

L

transgenic

Human
biting rate Probability that a bite on an infected person transfers the parasite to the mosquito
l I Probability a newly infected mosquito survives to become infectious, typically taken to
2 be equal to (1-u,)", where T, is the length of the extrinsic incubation period in days
v a“bcOg
Ha

Probability that a bite from an infectious mosquito transfers the parasite to a person } Vector
competence

Number of adult female mosquitoes per person (affected by population suppression
“+=from the gene drive)

« Connolly JB, Mumford JD, Fuchs S, Turner G, Beech C et al. (2021) Malaria Journal

Increased disease transmission in
humans in extended or original
geographical ranges

a2 b c 6 «+——— is the length of the extrinsic incubation period in
= E Number of adult female mosquitoes per person
(including from population suppression effect of gene drive)
Daily probability an infected adult female mosquito dies

A —

g

Compare survival of transgenic eggs
and adults to non-transgenics over a
range of desiccation conditions

Calculate net effect of broadened
tolerances for humidity, temperature,
salinity, or egg desiccation coupled
with population suppression effects of
gene drive

Probability a newly infected mosquito survives to become
infectious, typically taken to be equal to (1-u,)s, where T,
! days

Fitness




Field trial models: Wolbachia as a case study
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Utarini A,

A Intervention Clusters

Field trial models: Wolbachia as a case study

Indiani C, Ahmad RA, Tantowiyojo W et al. (2021) New England J Medicine
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Intervention models: dsx drive in Burkina Faso

No cost drive al

lele

* s <12.5% quantile

* 125% <8<25.%
¢ 5% <5<37.5%
37.5% <8 <50.%
50.% <8 < 62.5%
v B25% <5<75.%
* 75% <s<87.5%
* B7.5% quantile <s

Population size (number of alleles among adult males)

a (i) no cost drive allele

4 5 6

Time after releases begin (years)

—— Wildtype allele —— drive allele — r2 allele Ml no drive allele | no mosquitoes

North AR, Burt A, Godfray HCJ (2020) BMC Biology






Recap

. Modeling is expected to play a growing role as gene
drive mosquito projects transition from lab to field

. Data are required to refine models concerning
mosquito density dependence, habitat distribution,
movement patterns & resistance allele formation

. Assessing alignment with a target product profile &
risk assessment will be important prior to a release

. Monitoring & surveillance are expected to be cost
drivers & modeling can inform cost-efficiency

. Modeling priorities will then progress from designing
cage trials & field trials to wide-scale interventions
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